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ABSTRACT
We report the study of optical textures and director configurations within nematic-in-water
microdroplets of the liquid-crystalline mixtures based on azoxybenzene and cyanobiphenyl (as
a polar dopant). Both pure azoxybenzene and polar dopant materials exhibited bipolar config-
uration within liquid-crystalline droplets, whereas their mixtures at appropriate concentrations
spontaneously formed radial droplets. It was found that increasing of the dopant’s concentration
resulted in the forward tangential-homeotropic and reentrant homeotropic-tangential anchoring
transitions. We also triggered bipolar-to-radial structural transition by UV irradiation providing
trans-cis isomerisation of nematogens. Critical irradiation time needed for radial configuration
formation was found to decrease with concentration of polar dopant. Mesoscoping modelling is
proposed to explain main experimental results. The presented data are discussed for chemical
and biological sensing applications.
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1. Introduction

Liquid crystals (LCs) play an outstanding role in modern
display industry. Operation of a majority of liquid crystal
displays (LCDs) is based on electro-optical effects
imposed by an external electric-field-driven changes in
LC orientational ordering and in related optical proper-
ties. Such changes are enabled by a relatively weak power
consumption and low operating voltages, providing prin-
cipal advantages of LCDs with respect to competing
materials. Extreme response of LCs is due to existence
of Goldstone modes in nematic director field, yielding
soft character. In general, softness also provides LCs with
relatively high sensitivity to the action of other perturba-
tions, like thermal fields, light irradiation or low-fre-
quency mechanical perturbations [1]. Consequently,

LCs represent promising material to be exploited in var-
ious sensor applications. Of particular interest are LC-
based sensor aimed to detect biological nano-objects
(lipids, viruses and bacteria). Pioneering investigations
[2] were performed in planar geometries of nematic LCs
in contact with a water suspension of biological objects.
Changes in the surface orientation of LC layer induced by
bio-objects were exploited as the key detection mechan-
ism. These changes were detected using polarised micro-
scopy providing information on presence and
concentration of biological objects. Furthermore [3], it
was found that LC droplets immersed in a suspension of
bio-objects changed their LC orientational structure for
significantly lower concentrations in comparison to pla-
nar LC geometries. This geometry-enhanced
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concentration sensitivity could be readily exploited in
various biomedical applications. To reach this goal, it is
necessary to identify and clarify key physical mechanisms
involved. In particular, it is of interest to explore impacts
of the size of LC droplets, ionic strength, temperature,
etc., on structural transitions in LC droplets induced by
biological objects. Several studies have already been car-
ried out in LC droplet immersed in isotropic media [4,5].
Basic interest to such systems was due to possible influ-
ence of the boundary’s curvature and strong confinement
on the LC orientational structure and thermodynamic
behaviour [5]. Such investigations had been also stimu-
lated by the perspectives of possible usage of composite
LC materials in the display, photonic and, more recently,
sensor applications. In particular, various thermodyna-
mically stable LC structures were determined on varying
LC elastic properties, droplet radius and surface anchor-
ing strength [5,6]. External perturbations of a different
nature may lead to structural transformations within the
droplets. Such changes can be caused by electric [7,8]
(magnetic [9–11]) fields and temperature gradient
[12,13], hydro-dynamic flows [14]. For advanced sensor
technology is of particular interest the application of
orientational transitions within LC droplets triggered by
chemical and biological impurities (see recent reviews
[15,16]). In particular, the endotoxins [17], lipids [2,18],
viruses [19], bacteria [19], organophosphates [20], pro-
teins [21] and glucose [22] can localise at the LC–water
interface and cause planar-homeotropic anchoring (or
vice versa) transition within LC droplets. Moreover,
topological defects in LCs can be considered as platform
for self-assembly of biological impurities [23–25].

Recently [26], it was found that structural transitions
could be caused by UV irradiation of photosensitive LC
droplets dispersed in water. In this case, the initial bipolar
configuration was transformed into the radial one at a
critical irradiation time tc, which was equal to several
minutes. The critical irradiation time increased with the
droplet’s size and decreased with the light intensity. It was
also shown that tc could be effectively decreased by add-
ing into water the biological nanoparticles (phospholi-
pids) of rather low concentrations. Such effects were
explained by similar action of nanoparticles and UV-
induced cis-isomers, localised at LC–water interface on
the configuration of LC within the droplets. For high
enough concentration of cis-isomers, homeotropic
anchoring conditions were established at the interface
due to dipole–dipole and steric interactions. This proof-
of-principle suggested that UV irradiation could be
exploited as a new type of LC biosensor, based on mea-
surements of tc needed to trigger a bipolar–radial struc-
tural transition. It was established that UV-induced
bipolar-to-radial transition took place for the nematic

mixture of azoxybenzene compounds (ZhK-440) with
some amount of polar dopant whereas such transition
was not observed in the absence of the dopant.

In this article, we present the results of experimental
and theoretical study of the influence of polar dopant
(cianobiphenyl) added to the nematic mixture (ZhK-440)
on optical textures and director configurations, formed
within LC droplets under the action of water environment
and UV irradiation. We also consider possible physical
mechanisms responsible for observed phenomena. The
plan of the article is as follows. In Section 2, we describe
our experimental set-up. In Section 3, we present our
theoretical analysis. In Section 4, we present and discuss
our measurements. In Section 5, we make conclusions.

2. Experimental

Our primary LC material ZhK-440 (NIOPIK produc-
tion) is a mixture of two-thirds p-n-butyl-p-methoxya-
zoxybenzene and one-third p-n-butyl-p-
heptanoylazoxybenzene. It possesses a nematic phase
from 0 to 75°C [27] if LC molecules exhibit trans-isomer
configuration. ZhK-440 was doped with 4ʹ-pentyl-4-cya-
nobiphenyl (5CB, Alfa Aesar). Different weight concen-
trations c were used, ranging from 0 to 1. Here c ¼ 0
(c ¼ 1) corresponds to pure ZhK-440 (5CB) material.
Deionised water of resistivity 18.2 MΩcm was used as
dispersed medium. The emulsions with micrometer-
sized LC droplets were formed by sequential sonication
and vortexing of 2 μl of mixture ZhK-440/5CB in 2 ml
of water. Several processes of sonication and vortex
mixing allow obtaining droplets with diameter ranging
from 1 to 12 μm. The LC emulsions were dispensed
onto glass microscope slide by micro pipette for optical
texture observations and light irradiation. Orientational
structures of LC within the droplets were determined by
observation under POLAM L-213M (LOMO) trans-
mitted light microscope connected with a digital camera.
Halogen lamp of the microscope was used to induce
trans-cis isomerisation of ZhK-440 molecules enabling
us to trigger structural transitions within LC droplets.
Linearly polarised light irradiated bottom side of the
microscope glass plate with deposited LC emulsion.
The emulsions were irradiated with relatively wide spec-
trum (including both 365- and 450-nm wavelengths
playing important role in the trans-cis isomerisation)
[28]. Intensity of linearly polarised light was controlled
at λ ¼ 365 nm and varied from I ¼ 4to 40 mW/m2. To
prevent negative light irradiation, we used green filter
with a peak at λ ¼ 530 nm. We observed and charac-
terised the LC droplets with diameter ranged from 1 to
12 μm using immersion objective with 100× magnifica-
tion. Translating and rotating droplets were analysed to
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prevent observation of droplets interacting with surface
of microscope glass plate. Optical textures of LC dro-
plets were analysed in crossed polarisers at different
angles of microscope table and also in bright field in
polarised light without analyser. Full wave plate placed
between the sample and analyser was used for determi-
nation of internal director configuration within the dro-
plets. The size distributions of the LC emulsion droplets
were determined from optical micrographs using PC
software. Multiple images of each droplet were taken
to determine the time-dependent optical textures of
the droplet. The observations were made at room tem-
perature T , 24�C.

3. Theoretical modelling

In this section, we make theoretical analysis of key
phenomena which are expected to play dominant or
important role in our experimental measurements.
We first consider interaction of LC molecules carry-
ing electrical dipoles with a dielectric interface. We
show that dipole interactions favour homeotropic
anchoring. Then we analyse impact of assembling
of electric dipoles on their resulting effective electric
field. We demonstrate that the electric field displays
relative strong changes on increasing the assembly
from nanometre to larger scales. A study of the
impact of an external electric field on relative per-
mittivity of water follows. Finally, we estimate critical
UV irradiation time to trigger a structural transition
in spherical LC droplets via photo-isomerisation of
LC molecules.

3.1. Adsorption strength of LC-isomers at the
water–LC interface

We consider a LC molecule isomer possessing the
electric dipole

~p ¼ pðisoÞð~ex sin θþ~ey cos θÞ (1)

placed at ðx ¼ 0; y ¼ �h=2Þ below a straight water–LC
interface located at y ¼ 0. Therefore, LC medium is
placed in the region y < 0. The unit vectors ~ex;~ey

� �
define the two-dimensional Cartesian coordinate
frame, and the interface normal points along ~ey. The

isomer’s dipole strength is labelled by pðisoÞ. In a rough
estimate, we assign the spatially homogeneous dielec-
tric constant ε to the water medium. In the dielectric,
the image dipole [29]

~p 0 ¼ pðisoÞ ε� 1Þ=ðεþ 1ð Þð�~ex sin θþ~ey cos θÞ (2)

appears at ðx ¼ 0; y ¼ h=2Þ. The electrostatic interac-
tion between the dipole and its image dipole reads

WðisoÞ ¼ � pðisoÞ2

4πε0h3
ε� 1
εþ 1

� �
ð1þ cos2θÞ: (3)

For LC of our interest, it holds pðcisÞ , 5pðtransÞ [29],
where pðcisÞ ðpðtransÞÞ marks the magnitude of the cis-
isomer (trans-isomer). Recent analyses suggest that
these electrostatic interactions are overwhelmed by
steric interactions. These enforce homeotropic anchor-
ing (i.e. θ ¼ 0) if cis-isomers are prevailing at the LC–
dielectric interface. On the other hand, trans-isomers
enforce tangential anchoring ðθ ¼ π=2Þ. The ratio of
corresponding electrostatic interactions is roughly
equal to WðcisÞ=WðtransÞ ¼ 2pðcisÞ2=pðtransÞ2 , 50 assum-
ing that value of h is comparable in both cases.
Therefore, cis-isomers are significantly stronger elec-
trostatically coupled at the LC–dielectric interface.

3.2. Electric field produced by different assemblies
of electric dipoles

We next demonstrate that different assemblies of elec-
tric dipoles yield markedly quantitatively different elec-
tric field spatial profiles. To demonstrate this, we
consider a simplest possible case resembling situations
encountered in our experiments. For this purpose, we
consider a cylindrically symmetric spatially homoge-
neous assembly of electric dipoles of surface density σ
and employ the cylindrical coordinates (x,z) (see
Figure 1). We assume that the dipoles are aligned
along the z-axis. In the following, we calculate the
resulting electric field along the symmetry axis as a
function of the cylinder radius ρ. Therefore, relatively
small (large) values of ρ mimic nanoparticle-like (semi-
macroscopic) objects.

Figure 1. (Colour online) Effective dipole on the surface of a
disc-like assembly of unit dipoles.
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The magnitude of the total electric dipole moment
dp of a narrow ring of dipoles at distance x is given by
dp ¼ σ2πxdx. The resulting electric potential dU is
expressed as [30]

dU ¼ d~p �~r
4πε0r3

¼ σzxdx

2ε0ðx2 þ z2Þ3=2
; (4)

where r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

p
(see Figure 1). The integration

over the whole cylinder yields

U ¼ σ

2ε0
1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðρ=zÞ2
q

0
B@

1
CA; (5)

The corresponding electric field E ¼ �@U=@z can be
expressed as

E ¼ E0
ρ0
ρ

1þ z2

ρ2

� ��3=2

; (6)

where E0 ¼ σ=ð2ε0ρ0Þ:

3.3. Relative permittivity of water in external
electric field

In the following, we derive the dependence of relative
water permittivity (εw) on the magnitude of electric
field. In the model, the electronic polarisation of
water molecules is taken into account by assuming
that the point-like rigid (permanent) dipole with dipole
moment amplitude p is embedded in the centre of a
sphere [31,32], and with the volume approximately
equal to the average volume of a water molecule
(Figure 2). The permittivity of the sphere is n2, where
n is the optical refractive index of water [31].

The external water dipole moment with the magni-
tude p0 of a point-like dipole at the centre of the sphere
with permittivity ε ¼ n2 can then be expressed in the
form [33] p0 ¼ 3p=ð2þ n2Þ which yields

p ¼ 2þ n2

3

� �
p0: (7)

Neglecting the short-range interactions between
dipoles, the local electric field strength at the centre
of the sphere at the location of the permanent (rigid)
point-like dipole (Figure 2) equals to [33]

Ec ¼ 3εw
2εw þ n2

� �
E: (8)

Since εw >> n2 (for small enough E) it follows from
Equation 8:

Ec ¼ 3
2
E: (9)

Taking into account Equations 7 and 9 the energy of
the point-like dipole p in the local field Ec at the centre
of the sphere (see Figure 2) is then

Wd ¼ �~p �~Ec ¼ pEc cosω ¼ γp0E cosω; (10)

where ω describes the orientation of the dipole moment

vector with respect to vector �~Ec and γ is [31,32]:

γ ¼ 3
2

2þ n2

3

� �
: (11)

The probability of finding a water dipole vector in an
element of a solid angle dΩ ¼ 2π sinωdω is propor-
tional to the Boltzmann factor expð�WdβÞ, where
β ¼ 1=kT, therefore

hcosωi ¼
�
π

0
cosωe�γp0Eβ cosω sinωdω

�
π

0
e�γp0Eβ cosω sinωdω

¼ �Lðγp0EβÞ; (12)

where LðuÞ ¼ cothðuÞ � 1=u is the Langevin function.
By taking into account Equations 7 and 12, the magni-

tude of polarisation vector of water molecules ~P due to
the net orientation of water dipoles can be then
expressed as [31,32]

P ¼ nwphcosωi ¼ �nwp0
2þ n2

3

� �
hcosωi

¼ �nwp0
2þ n2

3

� �
Lðγp0EβÞ; (13)

Figure 2. A single water molecule is described as a sphere with
permittivity ε ¼ n2, where n ¼ 1:33 is the optical refractive
index of water. The point-like rigid (permanent) dipole with the
magnitude p located at the centre of the sphere [31,32].
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where nw is the number density of water dipoles, p0 is
the magnitude of the water external dipole moment
and ω is the angle between the gradient of electric
potential and dipole moment vector. The relative
water permittivity εw as a function of the magnitude
of electric field strength E can then be written as

εw ¼ n2 þ Pj j
ε0E

¼ n2 þ nwp0
ε0

2þ n2

3

� �
Lðγp0EβÞ

E
; (14)

where ε0 is permittivity of the free space. In the limit of
vanishing electric field strength ðE ! 0Þ, the above
expression for relative permittivity of water gives the
Onsager limit

εw ¼ n2 þ 2þ n2

3

� �2 nwp20β
2ε0

: (15)

For p0 ¼ 3:1D and nw=NA ¼ 55 mol/l [31,32],
Equation 15 yields the value εw ¼ 78:5 at room tem-
perature, where NA is Avogadro number.

3.4. The critical irradiation time

We consider a nematic LC exhibiting UV irradiation-
driven trans-cis isomerisation. In the following, we
present a simple model describing the UV-driven bipo-
lar–radial structural transition in a nematic droplet.
Based on it, we derive an estimate for the critical
irradiation time tc as a function of droplet radius R
and UV irradiation intensity I. In our previous paper
[26], we showed that the bipolar–radial transition is
enabled by assembling of cis-isomers at the LC–water
interface. When the ratio

μ ¼ NðiÞ
c =NðiÞ

t (16)

reaches its critical value μc the structural transition

takes place. Here, NðiÞ
c and NðiÞ

t determine the number
of cis-isomers and trans-isomers at the droplet inter-
face, and the superscript (i) stands for the interface. We
further denote with Nt (Nc) the total number of trans-
isomers (cis-isomers) within the droplet and the total
number of LC molecules is equal to N ¼ Nt þ Nc. We
set that the UV irradiation is switched on at the time
t ¼ 0. In the initial state, all LC molecules are in trans-
state, promoting tangential anchoring condition.
Within an infinitesimally small time interval dt, the
number of generated cis-isomers is roughly given by

dNc ¼ �dNt ¼ NðirrÞ
t Iσdt; (17)

where σ is a material property and NðirrÞ
t represents

number of UV-irradiated trans-isomers. In our experi-
ments, LC samples are irradiated from a single direc-
tion. We assume that the UV absorption is efficient
only in a narrow frontal lobe within the penetration
thickness �p. It roughly holds

NðirrÞ
t , Nt�p=R: (18)

The integration of Equation 17 yields

Nt ¼ N � Nc ¼ Nð1� e�t=τÞ; (19)

where

τ ¼ R=ð�pσIÞ: (20)

We assume that the locally generated cis-isomers are
‘immediately’ uniformly redistributed over the whole
volume. Namely, the characteristic diffusion time τLC
when a LC molecule propagates for a distance R is
relatively small with respect to tc. We estimate it
using expression for isotropic random walk-type diffu-
sion of spherical objects, i.e.

τLC ,
R2

4D
; (21)

where D , 6� 10�6 cm2/s is average diffusion con-
stant of LC molecules. For R ¼ 1 μm one gets
τLC , 0:4 ms. Note further that LC droplets also rotate
in the solution. Their typical rotation time is approxi-
mated by the Einstein expression

τr ¼ ηv
kBT

; (22)

where η , 10�3 Pa � s is the viscosity of water, kB is the
Boltzmann constant and v , 4πR3

3 stands for the
volume of a LC droplet. For R ¼ 1 μm and T ¼ 300
K it follows τr , 1 s. Therefore, during tc we can
assume that all LC droplets surface areas are evenly
exposed to UV irradiation. With this in mind, we get
an estimate for the volume concentration
nc , Nc=ð4πR3=3Þ of cis-isomers

nc ,
1� e�t=τ

v
: (23)

Here v , ad estimates volume of a roughly cylindri-
cally shaped LC molecule, a estimates its surface area
and d its length. Note that we set that main geometric
characteristics of cis and trans-isomers are equal.
Taking into account the interface area conservation

condition N4πR2 , aðNðiÞ
c þ NðiÞ

t Þ we get

NðiÞ
c ,

4πR2d
v

ð1� e�t=τÞ: (24)
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Considering Equations 19 and 24, we obtain

tc ,
R

Iσ�p
lnð1þ μcÞ; (25)

Note that μc is also weakly R-dependent(see [26]).

4. Results

We analyse nematic structures in spherical LC droplets
of radia R dispersed in water where structures are
probed by means of polarising microscopy. Either
bipolar-type or radial-type structures are observed,
which we henceforth label as bipolar and radial

structures, respectively. Their typical nematic director
profiles are schematically depicted in panel C of
Figure 3.

Of our particular interest is the impact of nemato-
genic dopants in homogeneous LC mixtures on the
critical irradiation time tc needed to trigger the bipo-
lar–radial structural transition. For this purpose, we
study binary mixtures A + B. Here A stands for the
photosensitive azoxybenzene LC ZhK-440, exhibiting
trans-cis conformational change under the UV irradia-
tion. The non-photosensitive dopant component B is
represented either by a polar 4-n-pentyl-4ʹ-cyanobiphe-
nyl (5CB) or a nematic mixture E7 or nonpolar p-n-
methoxybenzylidene-p’-butylaniline (MBBA) nemato-
gen. Essential material properties of main LCs used in

Figure 3. (Colour online) Optical textures (A, B) of LC droplets at variation of 5CB concentration c in the mixture ZhK-440/5CB.
Double-headed arrows indicate the orientation of the crossed polarisers (A) and the single polariser (B). Single-headed arrows
indicate positions of topological defects (boojum, small white arrow; hedgehog, large white arrow; and disclination ring, black
arrow). (C) Schematic sketches of characteristic nematic director profiles corresponding to the optical textures. Scale bar is 10 μm.
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our study are assembled in Table 1. Our prime interest
is to investigate the role of polar character of B on tc.

Note that chosen isolated B components in their
nematic phase promote tangential anchoring at
B-water interfaces. In the following we demonstrate
impacts of (i) the polar character of the component B
and its concentration c, (ii) UV irradiation intensity I
and (iii) droplet radius R on tc deep in the nematic
phase of homogeneous mixtures. Of particular interest
is to find regimes where the bipolar–radial transition
could be realised with critical irradiation times below
1 min which is of interest for several potential
applications.

4.1. Influence of c in the absence of UV light
irradiation

In our first set of experiments, we investigated the influence
of 5CB concentration c on the nematic director field con-
figuration of LCdroplets in absence ofUV light irradiation.

Figure 3 shows optical textures and the corresponding
nematic director configurations of micrometer-sized dro-
plets on increasing c. We probed 5CB concentrations
c = (0,0.08,0.12,0.16,0.20,0.21,0.23,0.25,0.40,0.55,0.58,
0.64,0.69,0.72,0.85,1), where c ¼ 1 corresponds to the
pure 5CB material.

For pure ZhK-440 ðc ¼ 0Þ, we observed droplets with
diameter larger than 2 μm to exhibit bipolar configura-
tion. For example, Figures 3(a,b) show crossed polarised
light and bright field micrographs, respectively, of a bipo-
lar droplet with diameter 10:5� 0:5 μm. A bipolar con-
figuration is characterised by LC molecules oriented
tangentially at LC–water interface and two surface point
defects (boojums) at the opposite poles of the droplet.
Bright field in the droplet was also observed when its
optical axis rotated at 45°, respectively, to the crossed
polarisers. Similar optical textures were observed for con-
centration window c ¼ 0 . . . 0:2 but the black points at
the opposite poles of the droplets loose their darkness
with concentration c and completely vanished for
c ¼ 0:21. Such behaviour reflects more uniform director
distribution within the droplets. For concentration
c ¼ 0:21, we observed bright (dark without analyser)
loop close to the droplet equator which changed direction
at rotation of the droplet, respectively, to the crossed
polarisers. In this case, configuration is an axial with a
line defect where director is characterised by perpendi-
cular or tilted orientation at the surface. We found no
declination loop for concentration c ¼ 0:23. Instead, we
observed polarised micrographs with crossed extinction
bands with strong distortion outside centre of the droplet
and point defect near the surface in bright field. The
various positions of the point defect located on the sur-
face droplet under Brownian motion confirmed preradial
director configuration. At c ¼ 0:25, we found twisted
extinction bands in crossed polarisers with invariant
point defect in the centre of the droplet in the bright
field, which refers to the twist radial configuration.
Figure 4 shows optical textures of ZhK 440/5CB droplets
with concentration c ¼ 0:25 at different droplet radius R.

Table 1. Elastic and dielectric parameters of main LCs used in
our study deep in their nematic phase.

ZhK-440 [27] 5CB [34] E7 [35] MBBA [36]

Δε −0.4 11.5 14 −0.7
K11 (10

–12 N) 8.5 6.4 10.8 5.8
K22 (10

–12 N) 7.2 3 7.4 3.4
K33 (10

–12 N) 10.3 10 17.5 7

Figure 4. (Colour online) Optical textures in crossed polarisers (top panel) and bright field (medium panel) of LC droplets at various
droplet radius at fixed 5CB concentration c ¼ 0:25 in the mixture ZhK-440/5CB. Schematic sketches (lower panel) of characteristic
nematic director profiles corresponding to the optical textures. Scale bar is 10 μm.
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As shown in Figure 4 twist structure changed to
common radial configuration (characterised by inter-
ference image with uniform invariant cross like extinc-
tion bands) with decreasing of the droplet radius
(Figure 4). A radial-type configuration was also
observed for c ¼ 0:4 at different droplet diameters
that ranged from 1 to 10 μm. Further increasing of c
from 0.55 to 1 resulted in reverse radial-bipolar struc-
tural transformation. Several previous reports had also
showed formation of tangential anchoring with bipolar
configuration in droplets for pure nematic 5CB at
water interface [3,17,37].

To summarise, on increasing c, we find three differ-
ent regimes in absence of UV irradiation as it is evi-
dently shown in Figure 3. As shown in Figure 3, we
plot typical interference patterns for fixed radius R
revealing characteristic nematic textures in these
regimes. For c � 0:2 and c � 0:85, the LC droplets
exhibit bipolar structures. Within the concentration
window 0:25 � c � 0:58, the droplets spontaneously
form radial structures. Intermediate structures with
homeotropic anchoring are formed for 0:2< c< 0:25
and 0:55> c > 0:85.

We next discuss the origin of these regimes formixtures
of ZhK-440 and 5CB in absence of UV irradiation. The
pure component ZhK-440 favours tangential anchoring.
On increasing amount of polar 5CB dopant, homeotropic
anchoring is formed 0:21 � c � 0:72. Note that pure 5CB
enforces tangential anchoring at various boundaries such
as glycerol, polyvinylbutyral or water. Therefore, in gen-
eral, appropriate surfactants are needed to enable home-
otropic anchoring. As reported previously, bipolar–radial
structural transformation can be triggered by 3.5% of lipid
lecithin dispersed in polymer/LC [38], by 1 mM concen-
tration of synthetic lipid sodium dodecyl sulfate (SDS) [3]
or by pg/ml concentration of bacterial glycolipid Lipid A in
water [17,25]. In particular, it has been reported that radial
configuration was formed in the time, less than 1min after
the injection of lipids into LC emulsion [3]. In our case,
observation of the radial configuration within the droplets
was found outright after immersing of microscope objec-
tive into the LC emulsion which required a few seconds.
Moreover, we used large number of LC droplets and the
presence of contaminants is restricted by usage of apyro-
genic materials, thus, spontaneous formation of radial
droplets was not due to presence of impurities. The major-
ity of our mixtures contained photosensitive molecules
with possibility of trans-cis configurational transformation.
For this reason negative light-induced bipolar-to-radial
structural transition [26] was protected by usage of green
filter, placed between light source and polariser.
Cyanobiphenyls are polar molecules and mixtures with
non-polar mesogens such as azoxy compounds usually

produce induced/enhanced smectic-A mesophase often
due to complex formation [39]. For example, Kurik et al.
observed radial configuration with a uniform interference
pattern and cross like extinction bands which was assigned
to formation of smectic-A layers of n-nonyloxy-benzoic
acid butoxphenyl ester oriented tangentially at the bound-
ary of glycerol matrix doped by lecithin [40]. Murazawa
et al. reported the existence of radial configuration exhib-
ited the same optical texture for 4ʹ-octyl-4-biphenylcarbo-
nitrile (8CB) SmA droplets confined by heavy water D2O
without any surfactants [41]. Thereby, enhanced SmA
phase in the mixture ZhK-440/5CB (where
0:4 � c � 0:55) can form radial director configuration
within the droplets with optical pattern similar to nematic
mesophase. For this reason, we studied thin layers of the
mixtures (0:25 � c � 0:58), confined to 18-μm glass cell
treated by rubbed polymer to provide planar/twist struc-
ture. Polarised optical microscopy observations showed
uniformly aligned planar/twist structure of typical nematic
phase at least from T , 21�C to LC–isotropic phase tran-
sition. Moreover, our mixtures possessed low viscosity,
whereas SmA phase is highly viscous material. Oppositely
to 5CB, ZhK-440 has a wide temperature of nematic phase,
therefore temperature range of mesophase mixtures
decreases with c. So, all mixtures were studied at random
temperature, respectively, to the nematic–isotropic phase
transition. Nevertheless, no changes in interference pat-
terns were observed for 0:4 � c � 0:55 with variation of
the temperature, where LC–isotropic phase transition
revealed vanishing of the point defect in the centre of the
droplet before formation of isotropic phase. We also
probed highly polar mixture E7 and non-polar N-(4-
Methoxybenzylidene)-4-butylaniline (MBBA) as dopants
B and found similar optical textures for E7 and no dopant-
induced structural transformations for MBBA.

We next consider changes in the effective elasticity
on increasing c. We calculate the effective Frank elastic
constants Kðeff Þ

i of mixtures using the approximate
expression [1]

Kðeff Þ
ii ¼ 1� cð Þ

ffiffiffiffiffiffiffiffiffi
KðAÞ
ii

q
þ c

ffiffiffiffiffiffiffiffiffi
KðBÞ
ii

q� �2

; (26)

where KðAÞ
ii and KðBÞ

ii stand for the Frank elastic con-
stants of the component A and B, respectively. The result-

ing ratio Kðeff Þ
33 =Kðeff Þ

11 is plotted in Figure 5 and
monotonously increases with c. Note that the classical
radial structure depends only on the splay elastic constant
K11. On the other hand, in bipolar structures, the nematic
bend elastic constant weighted by K33 also plays important

role. Therefore, the increasing ratioKðeff Þ
33 =Kðeff Þ

11 is in favour
of radial structures. Furthermore, flexoelectricity [42] is
expected to play important role in LC droplets in the
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micrometre regime. If an effective radially oriented electric
field is present, it is expected to promote radial structures.
Therefore, elasticity alone could explain stabilisation of
radial structures in the window 0 � c � 0:55. However,
bipolar structures are reentered for c > 0:55. Therefore,
elasticity could not yield explanation for the observed fea-
tures, at least for relatively high concentrations c.

We claim that electrostatic interactions are respon-
sible for the observed phenomenon. In Section 3.1, we
calculated dipole interaction between a LC molecule
carrying an electric dipole and the image dipole in
dielectric water medium, where details are given in
[29]. In case of trans-isomers, where the dipole is
roughly aligned along the local director fields, the
interaction favours homeotropic anchoring at the LC–
water interface as suggested in Equation 3. However,
due to steric interactions, tangential anchoring is rea-
lised [29]. Added polar component B could enforce
homeotropic anchoring. Namely, in Section 3.2, we
showed that appropriate assemblies of electric dipoles
could yield relatively large electric fields at interfaces
hosting the dipoles [30]. In Figure 6, we plot an electric
field above an interface hosting homogeneously distrib-
uted electric dipoles within a cylindrical layer of radius
ρ (see Figure 1). One sees that for nanoparticle-type
assemblies, where ρ is of order nanometre, one gets
relatively strong and localised electric field above the
interface. With increasing ρ, the field magnitude
decreases and also decaying of the field strength on
increasing the distance from the interface becomes
progressively flatter. Therefore, one possibility is that
for intermediate concentrations c (i.e. within the con-
centration window 0:22 � c � 0:72), assemblies of 5CB

molecules act as nanoparticle-like objects carrying elec-
tric dipoles. Note that within the droplet, 5CB mole-
cules exhibit head-to-tail invariance. However, at the
surface, collective effect of the assembled 5CB mole-
cules coupled with electric dipoles of water enclosing
the LC droplets could break this invariance. In Section
3.3, we showed that water permittivity could be
strongly influenced by an electric field. The resulting
effective electrostatic coupling could be strong enough
to support homeotropic anchoring. For higher concen-
tration of 5CB molecules, their dipoles lose their nano-
particle character because they effectively form
assemblies characterised by radius ρ, for which the
resulting electric field is relatively weaker (see
Figure 6). Consequently, their coupling with surround-
ing water dipoles is weaker and steric interactions
promoting tangential anchoring prevail.

Figure 7 shows the dependence of water permit-
tivity εw on the normalised value of electric field
strength. It can be seen that εw is decreasing with
the increasing magnitude of electric field strength E
due to saturation effect in water dipole orientational
ordering.

4.2. Influence of c in the presence of UV light
irradiation

The UV irradiation of intensity I triggers the bipolar–
radial transition (Figure 8) for reasonable irradiation
times (not exceeding 30 min) only in the concentration
window 0:08 � c � 0:2.

Figure 5. (Colour online) The ratio of effective Frank elastic con-
stants KðeffÞ

33 =KðeffÞ
11 as a function of concentration c of dopant B. As

B we consider either 5CB, E7 or MBBA nematic phase.

Figure 6. (Colour online) The electric field as a function of
distance z above homogeneously distributed electric dipoles
within a cylindrical layer of radius ρ (see Equation 6). Solid
line: ρ ¼ ρ0, dashed line: ρ ¼ 2ρ0, dotted line: ρ ¼ 5ρ0;
E0 ¼ σ=ð2ε0ρ0Þ, σ is surface density of dipoles and ρ0 ¼ 1 nm.
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We next consider an impact of UV irradiation on
bipolar–radial structural transitions in the regime
0:08 � c � 0:2. In Figure 9, we plot the critical irradia-
tion time tc as a function of R and c. The critical time
monotonously increases with R exhibiting roughly lin-
ear dependence on R.

Dependence of tc as a function of the UV irradiation
intensity is emphasised in Figure 10.

Behaviour of tc on varying R and I is well explain
using a simple model presented in Section 3.4. The UV
radiation causes the transition due to the assembling of
cis-isomers at the interface [26]. They promote home-
otropic anchoring mainly due to steric reasons [44].
When the ratio between cis-isomers and trans-isomers
reaches a critical value, the structural transition takes
place. To explain qualitatively the observed tcðRÞ depen-
dence, it is necessary to assume that the UV absorption is
efficient only in a narrow frontal lobe within a finite
penetration thickness. For example, if the whole droplet
volume is irradiated, then tcðRÞ dependence would rela-
tively weakly depend on R. It would even decrease with
increasing R because cis-isomers have stronger prefer-
ence to assemble at the LC–water interface in compar-
ison with trans-isomers [44] (see Equation 3).

Decreasing of tc on increasing c of polar dopant (see
Figures 9 and 10) can be also explained by considering
electrostatic interactions. Note that in rod-like polar
dopant of our interest, their dipole orientation roughly
coincides with their characteristic long axis orientation.
Our explanation is as follows. When cis-isomers assem-
ble at the LC–water interface, they align their electric

Figure 7. The dependence of water permittivity εw on the
electric field strength calculated by using Equation 14 at room
temperature. The values of the model parameters are p0 ¼
3:1D and nw=NA ¼ 55 mol/l [43].

Figure 8. (Colour online) POM images (A, B) of LC droplet,
sketches of director configuration (C, D) and schematic distribu-
tion of trans-cis isomers (E, F) within the LC droplet in water before
(A, C, E) and after (B, D, F) UV irradiation (10 s of exposure,
c ¼ 0:16, I ¼ 40 mW/m2). Double-headed arrows indicate the
orientation of the single polariser (A) and the crossed polarisers
(B). Scale bar is 5 μm.

Figure 9. (Colour online) Dependence of the critical irradiation
time tc on the droplet radius R for different concentration c of
the polar 5CB dopant. I ¼ 40 mW/m2.
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dipoles along the interface normal due to steric effects
[29,44]. They consequently induce dipoles in the
enclosing water interface layer (see Section 3.3). This
in turn tends to align polar dopants homeotropically at
the interface due to the electrostatic coupling.
Consequently, if concentration of dopants is not too
high (see Equation 6) the effective interaction between
interface assembled LC dipoles and surrounding water
interface layer promotes homeotropic anchoring.
Consequently, the critical irradiation time tc needed
to trigger the structural transition decreases with
increasing c.

In addition to 5CB dopant, we probed also E7 LC.
Both dopants are polar. For cases studied, they exhibit
qualitatively similar tc variation on varying R as it is
demonstrated in Figure 11.

Since lower concentration of cis-isomers is needed to
induce the radial configuration at increasing of c, it is
expected that the sensitivity of orientational structure to
impurities can be increased by moving the system close
to the bipolar–radial transition with appropriate choice
of polar dopant concentration. Such investigations are in
progress now and will be presented elsewhere.

5. Conclusion

We studied the influence of polar dopant on internal
director configuration of azoxybenzene nematic-in-
water droplets. We found a sequence of bipolar-radial-
bipolar director transformations with increasing of con-
centration of the polar dopant. Both pure azoxybenzene
ZhK-440 and cyanobiphenyl 5CB were tangentially
oriented on LC-water boundary whereas their mixtures
formed homeotropic anchoring. On increasing c we
established three different regimes in the absence of UV
irradiation where LC droplets exhibited bipolar config-
uration (intermediate structures) in the ranges 0 � c �
0:2 and 0:85 � c � 1 (0:2 < c < 0:25 and
0:58 > c > 0:85). Within the concentration window
0:25 � c � 0:58 the droplets spontaneously form radial
structures. We also triggered the bipolar–radial structural
transition by UV light irradiation of emulsion, involving
trans-cis isomerisation of nematic molecules. The critical
irradiation time needed for radial configuration forma-
tion was found to decrease with polar dopant’s concen-
tration. For concentration range 0:08 � c � 0:2, we
established decreasing of critical irradiation time from
minutes to seconds which is important for biosensing
applications. Our theoretical description is based on sim-
ple phenomenological model taking into account electro-
static interactions responsible for observed phenomena.
The proposed model qualitatively explains our main
experimental results.
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