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Deformation of liquid crystal droplets under the action of an external ac electric field
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Deformation of liquid crystal droplets suspended in liquid polymer matrix under the action of external
electric field was observed in dependence of ion concentration in such system. Experimental dependence of
droplet elongation vs electric field demonstrates nonmonotonous character with increase of ion concentration.
The theory that provides the basic agreement with experimental observation is developed.
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I. INTRODUCTION

In recent years there has been an intensive study of
erogeneous systems based on liquid crystals aiming at
potential application in image device. A well-known examp
of such a system is a polymer dispersed liquid crys
~PDLC! @1–3#. This material consists of nematic drople
embedded in solid polymer matrix. A form of droplets a
their spatial distribution are fixed and are defined by ma
factors during preparation process@4,5#. Investigations in
nematic emulsions, i.e., suspensions of LC droplets in a
uid host, allowed for an explicit study of the director co
figuration inside a single droplet@6,7#. As compared to solid
polymer dispersed LCs, nematic colloidal dispersions
much softer since the medium remains a soft matter. A
result, the physics of a colloidal suspensions is much m
diverse and complex than the physics of LC droplets in
solid polymer matrix. For instance, droplets can move, in
act and change their shape in external fields. One of
mechanisms responsible for droplet form under the action
an external electric field is an electric charge accumulate
the interface between two adjacent substances that have
ferent dielectric constants. When the two substances are
liquids, one of them is dispersed in the other, the class
theory of dielectrics predicts the electrically driven elong
tion of suspended droplets. Equilibrium deformation will
achieved when the electric and surface forces are bala
and the free energy of the system is minimal. The deform
tions have already been calculated for nonconducting liq
droplets in insulated media@8–12# as well as for systems
which have sufficient conductivity to effect the electric fie
distribution around and within the droplets@13–18#. The re-
cent experiments carried out with coexisting nema
isotropic phases of MBBA and of 5CB showed that observ
deformations are many times larger than that found in n
liquid crystal system due to the small interfacial tension. T
deformations decrease in amplitude with increasing
quency as a result of the conductivity relaxation of the liqu
crystal @19#. However, numerous mechanisms can occur
multaneously and cooperate with an external electric field
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influence the elongation of droplets. To distinguish t
mechanisms we performed the measurements of the sha
liquid crystal droplets dispersed in liquid polymer matrix
dependence of ion concentration in such system. Chan
the concentration of ions one can follow through the bo
mechanisms of droplet elongation: pure dielectric for sm
ion concentration and conductive one for high ion concen
tion. In the first case the droplet elongates into a spher
whose long axis coincides with an electric field. Conduct
mechanism characterizes by formation of sharp points at
ends of the droplet. While the threshold electric field, t
field when droplet starts to elongate, exhibits nonmono
nous behavior with increasing the concentration of ions.

II. EXPERIMENT

The polymer material used in our experiments was a t
component mixture of urethane acrylate and tetramethyl
yglycol in weight proportion of 80% and 20%, respective
@20#. The mixture of polymer and nematic liquid crystal Zh
- 1289~NIOPIC, Russia! was prepared at the room temper
ture. Then the dispersion was sandwiched between two g
slides with electrodes, sealed, and loaded into the HS1-i
croscope hot stage~Instec Inc.! as it shown in Fig. 1. The

FIG. 1. Scheme of experimental cell.
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cells differed by concentration of ions. The concentration
ions,n, was estimated from the measurements of the cond
tivity and mobility of charges @21#. Foreign ionic
impurities—molecules of tetrabutyl ammoniumbromide
were added to the liquid crystal. Dissociating, these m
ecules give additional ions. The form of liquid crystal dro
lets was changing by application of ac electric field. T
experiments were carried out at the fixed temperature
25°C and droplet size of 40mm.

For measurements of surface tension of liquid crysta
polymer matrix, two methods were utilized: method of W
helmy plate@22# and method of suspended drop@22#. The
last methods was modified by very precise pump. To ch
the reliability of methods we performed measurements
surface tension for pure water—air interface and pure liq
crystal—air interface. The obtained results are in good ag
ment with those of already reported in literature. Thus,
surface tension of water was obtained as 7.4731022 J/m2

and 7.1731022 J/m2 for different methods, respectively
The same value reported in Ref.@22# is 7.2431022 J/m2.
For liquid crystal we obtained 2.6231022 J/m2 that is close
to the value 2.8131022 J/m2 reported in Ref.@23#.

III. RESULTS AND DISCUSSION

The liquid crystal dispersed in the polymer mixture form
droplets of a stable spherical form. The size of the drop
depends on concentration of the liquid crystal in polym
matrix. During experiment the droplets do not noticeab
move due to quite high viscosity of the polymer. Initi
conductivities of the polymer and liquid crystal aresp
54.131028 V21 m21 and s1150.6331028 V21 m21,
respectively~index 11 means that conductivity of the liquid
crystal was measured along the director!. Under the action of
ac electric field the droplets elongate in the direction of
field. Changing the ratio between consistent polymer com
nents and adding butylmethacrelate, one can also observ
formation of oblate spheroid. We will limit our consideratio
only by that case when the droplets deform in the direct
of the field. Electric field that corresponds to the beginn
of this process isECr51.93105 V/m. The shape of a dis
torted droplet is almost exactly that of a prolate spheroid,
Fig. 2 (a–c), unless the electric field reaches the val
which corresponds to the instability of the droplets. At th
value of electric field,EIn57.63105 V/m, the droplets con-
tinue to elongate until the break into two smaller ones, wh
relax into equilibrium state that defined by size of the drop
and applied electric field. Ratio between long and sh
spheroid droplet axesk as a function of ac electric field i
plotted in Fig. 3 ~curve a). Introducing the foreign ionic
impurities into the liquid crystal one can influence the co
centration of ions and thus to increase the surface charge
has already existed at the border between liquid crystal
polymer matrix. For the certain concentration of ions, t
formation of sharp points at the ends of the droplet was
served, see Fig. 2 (d–f ). The formation of a spindlelike
droplet strongly correlates with the ion concentration in
system. Even for small amount of foreign ionic impuritie
that corresponds to the increase in conductivity of polym
02170
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on 10%, one can observe the growth of the sharp poi
There is no fluid motion associated with final equilibriu
form of the droplets. The instability of the droplets becom
also different. When electric field is increased to instabil
value, small droplets are ejected from the sharp ends of
‘‘mother’’ droplet.

The values of droplet deformationk for cells that differ by
amount of added ionic impurities and thus by their cond
tivity are plotted in Fig. 3~curvesb,c,d). Small increase of
ion concentration leads to the sharp decrease ofECr . Further
increase of ion concentration smoothly shifts critical elect
field toward the higher value, see Fig. 3.

To understand this phenomenon let us consider a sphe
droplet of radiusR0 in a liquid polymer surrounding. In the
presence of an ac electric field the form of this droplet w
be defined by the minimum of free energy,

F5FD1FE1FS . ~1!

FIG. 2. Liquid crystal droplets under the action of electric fie
A,b,c correspond to the pure polymer matrix (Ea50 V/m, Eb

55.53105 V/m, Ec57.13105 V/m); d, e, g-are with additional
ionic impurities (Ed50 V/m, Ee52.63105 V/m, Ef53.5
3105 V/m).

FIG. 3. Electric field dependences of the droplet elongations
different ratios of conductivities between liquid crystal and polym
matrix. The values of the experimentally measured ratios are
follow sa50.15, sb54, sc56, sd59. Lines correspond to the
theoretical fit by Eq.~11! for curve a and by Eq.~14! for curves
b–d.
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DEFORMATION OF LIQUID CRYSTAL DROPLETS . . . PHYSICAL REVIEW E 64 021706
FD is elastic energy of liquid crystal~we assume one con
stant approximation!.

FD5
K

2E dV$~div nW !21~rot nW !2%, ~2!

whereK is the elastic constants,nW is the director. There is an
experimental fact that under the action of external elec
field the redistribution of liquid crystal director inside th
droplet takes place first@24#. When E>K/D«R2 and D«
.0, the director is practically uniformly aligned along th
electric field @25#. Further evolution of droplet form is
mostly connected to the interaction of electric field with d
electric media of droplet as a whole. So, during process
droplet elongation the director distribution does not su
ciently change. Creation of oblate or prolate spheroid
pends only on the ratio of dielectric permittivities of dropl
and surrounding materials. Elongation starts when the en
of electric field reaches the value of the surface tension
ergy. For the caseR.2K/V, the anisotropic part of the sur
face energy is small comparable to the energy of the sur
tension and can be neglected in consideration of instabilit
droplet form. We further will suppose that we are far abo
the critical electric field for uniform alignment of liquid crys
tal along the electric field.

FE is the energy connected with the action of an exter
electric field:

FE52 1
2 E dV$«11EW

21D«~nW •EW !22«pE0
2%, ~3!

whereE0 is the electric field applied to the sample,EW is the
electric field inside the droplet,«11 is the dielectric permit-
tivity of the nematic along the director~we consider the elec
tric field is large enough to orient the liquid crystal along t
field!, D« is the dielectric anisotropy of the nematic,«p is
the dielectric permittivity of the polymer. The last term
Eq. ~3! defines the energy that a droplet could have had if
liquid crystal was substituted by the same material as
droplet surrounding. Electric field inside a droplet or sph
oid is uniform, that is the property of any ellipsoid wit
arbitrary semiaxises@26#. This field can be calculated with
out exact knowledge of boundary conditions and will be d
fined by the droplet form as well as by the ratio of dielect
or conductive properties of the both materials, inside
droplet and polymer matrix@26,14#. In general case

E5
E0

11G~X,e!
, ~4!

wereG(X,e) is a factor of depolarization. According to Lan
dau @26#

G~X,e!5~X21!
12e2

e3
~arcthe2e!, ~5!

where parameterX is «11/«p or s11/sp in dependence o
dominant process involving in consideration.s11 is the con-
ductivity of the liquid crystal along the director,sp is the
conductivity of polymer matrix,e being eccentricity of the
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deformed droplet. Actually, behavior of a droplet inside
liquid matrix under the action of an external electric fie
depends on the possibility of redistribution of polarization
real electric charge in a droplet. Interaction of this cha
with external electric field creates the force responsible
deformation of a droplet. The value of the deformation d
pends on elastic and surface properties of the heterogen
system. Usinge2512R'

2 /Ri
2 , were R' and Ri are the

length of short and long axis of droplet respectively, a
assuming that the droplet becomes really elliptical~we have
experimental evidence of this fact, see Fig. 4! one can define
the coordinates of deformed droplet surface as follow:

r 5
R'

@12e2cos2u#1/2
, ~6!

whereu is the angle between radius vector to a point on
droplet surface and direction of electric field. According
@13#, one can writeFE as follow,

FE52
«pE0

2R'
2 Ri~«21!

6@11G~«,e!#2
, ~7!

where«5«11/«p .
FS is the surface free energy due to the interface betw

two different media,

FS5 R ~V1W!dS1 R W~nW •nW !2dS, ~8!

whereV is isotropic part of the surface tension,W is aniso-
tropic one,nW is the normal to the surface. Since theW!V,
for spheroid droplet we have

FS52pVR'
2 S 11

Ri

R'

arcsine

e D . ~9!

FIG. 4. Computer simulation of droplet form for elliptical~a!
and spindlelike~b! droplets. Dashed lines represent computer m
eled forms.
6-3



ze
o

s

ee

tiv
le
a

ad

al
lie

t-

o

re

-
ent
nic
en-
ior
the
it

ble
ons
in

eri-
thod
nts

lue
rix
ld.
to
r-
ilar
me
lly
-

tory

s-
of
s-

ion
stal
bu-
an-
or-

nd
I.

B. I. LEV et al. PHYSICAL REVIEW E 64 021706
The total free energy follows from Eqs.~2!, ~3!, and~9! as

F52pVR'
2 S 11

Ri

R'

arcsine

e D2
«pE0

2R'
2 Ri~«21!

6@11G~«,e!#2
.

~10!

To find the final steady form of droplets we have to minimi
the above free energy with the condition that volume
droplet is the same for the time of experiment, 4/3pR'

2 Ri
54/3pR0

3 , whereR0 is initial droplet size. Finally, one ha
minimum of Eq.~10! on deformation parameterk[Ri /R' ,

2
2

3
k25/31

4

3

k1/3C

A
1

k1/3

A2
2

k7/3C

A3

1@3kA2~2k211!B#
wA4

S kB1
k22«

«21
AD 3 50,

~11!

where we use the following abbreviation:A[Ak221, B
[arcthA(k221)/k2, C[arcsinA(k221)/k2 and

w5
«pE0

2R0

6pV
~12!

is the Taylor parameter, that is defined by the ratio betw
electric and surface energies of the droplet with radiusR0.

For the case when the both, polarization and conduc
properties, take place in the process of redistribution of e
tric charges, the electric free energy of a droplet inside
isotropic matrix, has the known solution@13,14#:

FE5
«pE0

2R0
3

6@11G~s,e!# H «2s

11G~s,e!
2~s21!J , ~13!

where«5«11/«p , s5s11/sp andG(s,e) is defined by Eq.
~5! .

Now one can find the equation that describe the ste
state of the droplet under the action of electric field:

2
2

3
k25/31

4

3

k1/3C

A
1

k1/3

A2
2

k7/3C

A3

5
w

@11G~s,e!#3

]G

]k
$2~«2s!2~s21!@11G~s,k!#%.

~14!

Finally, from Eq. ~11! we can analyze the experiment
dependence of droplet deformation on the value of app
s
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electric field without additional ionic impurities. The theore
ical dependency is represented in Fig. 3~curve a) by solid
lines. The best fitting was obtained for the values of« and
Va as 3.12 and 1.5531023 J/m2, respectively. We have als
experimentally measured« and obtained similar value,«
53.17. For the case when additional ionic impurities we
added, dependencek(E) is approximated by Eq.~14!
with the following parameters:Vb50.1431023 J/m2, Vc
51.531023 J/m2, Vd54.931023 J/m2, sb58, sc510,
sd511. Index letters at theV ands mean their correspon
dence to the curve in Fig. 3. To provide the basic agreem
with experiments we have to suppose nonmonoto
behavior of the surface tension with increasing the conc
tration of ions in the system. The nonmonotonic behav
of surface tension can be caused by ion adsorption at
surface resulting in creation of double electric layer as
was considered in@27,28#. For the high ion concentration
the surface tension is mostly governed by the value of dou
electric layer. Experimentally measured surface tensi
for pure materials and for all ion concentrations used
experiment on droplet elongation areVa53.331023 J/m2,
Vb52.1631023 J/m2, Vc52.331023 J/m2, Vd52.93
31023 J/m2. The discrepancies that arise between exp
mental and theoretical values can be attributed to the me
of measurement of the surface tension. The experime
were performed for a flat surface while the calculated va
is related to small droplets dispersed in polymer mat
which are subjected to the action of an external electric fie
In the latter case the effective electric field applied directly
droplets differs from that of applied to the cell due to pola
ization effects. Nevertheless, one can point out the sim
tendency of both sets of data to have minimum for so
concentration of added ionic impurities. The experimenta
measured ratios of conductivity~the experiments were per
formed separate for liquid crystal and polymer! are sb54,
sc56, sd59. For these data one can see the satisfac
agreement between the theory and experiment.

To summarize, the nematic liquid crystal droplets su
pended in liquid polymer matrix elongate under the action
external electric field. Ionic impurities inserted into the sy
tem strongly affect the form and the value of the deformat
via changes of the surface tension between the liquid cry
and polymer matrix. Theoretical model, based on redistri
tion of polarized and free electric charges, shows good qu
titative agreement with the experimentally observed def
mations.
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