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ABSTRACT
The polymer dispersed nematic liquid crystal (LC) with the tilted surface anchoring has been
studied. The droplet orientational structures with two point surface defects – boojums and the
surface ring defect – are formed within the films. The director tilt angle α = 40° ± 4° at the droplet
interface and LC surface anchoring strength Ws ~ 10–6 (J m−2) have been estimated. The bipolar
axes within the studied droplets of oblate ellipsoidal form can be randomly oriented are oriented
randomly relatively to the ellipsoid axes as opposed to the droplets with homeotropic and
tangential anchoring.
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1. Introduction

Polymer dispersed liquid crystals (PDLCs) are polymer
films with dispersed liquid crystals (LC) droplets. The
orientational structure (director configuration) in LC
droplets is specified by the surface anchoring and other
material parameters. The optical properties of the films
depend on the director configuration inside LC dro-
plets, the film morphology (form, size and arrangement
of the droplets) and the ratio of LC and polymer
refractive indices. Electric or magnetic field can trans-
form the LC orientational structure, this changes the
macroscopic optical properties of PDLC films. For
example, when the ordinary refractive index (nø) of
LC with positive dielectric constant is close to the
refractive index of polymer (np), the electric field
applied perpendicular to the film plane switches the
PDLC film from the scattering state into the transpar-
ent one.[1–5] At present, there have been well-

investigated PDLC films containing the nematic dro-
plets with the most common configurations: bipolar for
strong tangential anchoring, radial for strong home-
otropic anchoring [6–8] and axial for strong home-
otropic or weak anchoring.[9–11] At weak anchoring,
the elastic deformation energy of director can decrease
within bulk due to the director deviation from its
orientation assigned by the polymer wall at a part of
the interface. This sometimes results in the formation
of the defectless axial structure.[9,12,13] The droplets
with the homogeneous tilted boundary conditions were
observed infrequently. So, LC droplets with homoge-
neous tilted anchoring, which are formed from the
isotropic phase and coexist in parallel with it, were
observed in [14,15]. A similar case was for the nematics
dispersed in the liquid matrixes doped with the surfac-
tants. The tilted anchoring was realised within liquid
matrix in the certain temperature range at the constant
concentration of surfactant [7] or for the certain range
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of surfactant concentration.[16] In PDLC films, the
resultant director orientation at the interface depends
on the droplet size,[9] the length of lateral alkyl chains
of polymer macromolecules,[12] the temperature,[17]
the variation of curing agent of photo-curable polymer,
[18] the surfactant content in polymer matrix or LC.
[19,20]

The present article describes the results of experi-
mental investigation of the director configurations
within the nematic droplets dispersed in the polymer
matrix with the homogeneous tilted anchoring at the
interface.

2. Experimental approach

There have been investigated PDLC films based on the
poly(isobutyl methacrylate) (PiBMA) (Aldrich) and
nematic mixture LN-396 (Belarusian State
Technological University) consisting of 40% 4-n-pen-
tyl-4ʹ-cyanobiphenyl (5CB), 20% 4ʹ-propoxy-biphenyl-
4-carbonitrile (3OCB), 15% 4ʹ-butoxy-biphenyl-4-car-
bonitrile (4OCB), 18% 4-butyl-cyclohexanecarboxylic
acid 4-ethoxy-phenyl ester (4CEPO2) and 7% 4-butyl-
cyclohexanecarboxylic acid 3ʹ-methyl-4ʹ-pentyl-biphe-
nyl ester (by weight).

For this mixture, the melting temperature is
Tm = −20°С, the clearing point is Tc = + 66°С. At the
temperature T = + 22°С the refractive indices of LC
(λ = 0.589) are n|| = 1.69, nø = 1.52, anisotropy of
dielectric conductivity is Δε = 10.2. The refractive
index of polymer is np = 1.477. The samples were
made by solvent-induced phase separation technique.
[1] LC was added to the 4% solution of polymer and
toluene. The weight ratio of the components was
LN-396: PiBMA = 60: 40. To create the electro-optical
cell, the prepared homogeneous solution was poured
on the glass substrate with indium tin oxide electrodes
separated by 410 μm gap from each other (Figure 1)
and was dried for 24 h. In the result, the PDLC film
was formed. The droplets’ size (droplet diameter in the
film plane) was in the range 7–30 μm. The average
thickness of the film in the central part was 35 μm.

The optical textures of the nematic droplets were
examined by the polarising optical microscope (POM)
Axio Imager.A1 m (Carl Zeiss). After the phase separa-
tion, a part of LC remains in the polymer (LC:
PiBMA = 25: 75). It plasticises the polymer matrix
and changes its electric and optical parameters.[1]
Namely, the refractive index of polymer matrix
increases and gets almost equal to the LC refractive
index nø. Being observed without analyser, the inter-
face is practically invisible where the director is aligned
perpendicular to the light polarisation because nø ffi np.
And vice versa, it is sharply seen where the director is
parallel to the polariser orientation.[19,20] Thus, the
comprehensive analysis of the optical textures in both
crossed polarisers [1,21] and without analyser allows
determining the director distribution within the
droplet.

The PDLC cell design permits to watch the variation
of LC optical textures under the action of the electric
field applied along the film plane. We used the G3-123
generator which makes the AC 1 kHz voltage varied in
the range 0–200 V (RMS) and measured by APPA-301
digital multimeter.

Another sandwich-like cell with LC layer was made
to determine the surface anchoring strength at the
LC–polymer interface. The mixture of PiBMA (75%)
and LC LN-396 (25%) was used as the orienting layers
at the inner sides of the cell substrates. These layers
were formed from the toluene solution by the centri-
fuge method without further treatment. The cell gap
was 13 μm. The cell was filled with LC by the capillary
method at room temperature.

3. Results and discussion

3.1. Optical textures and orientational structures
of nematic droplets

It is known that PiBMA specifies the homeotropic
boundary conditions for both the E7 nematic mixture
[22] and the EN18 nematic mixture-based cholesteric.
[23] In the studied PDLC films based on LN-396 and
PiBMA, the droplet textures (Figure 2) differ signifi-
cantly from those ones which are proper to both the
homeotropic anchoring (radial, axial and escaped
radial structures) and the planar one (bipolar, twist-
bipolar and toroidal configurations).

Figure 3 shows the optical textures of the droplet
(see Figure 2(a)) at some turning angles of the sample
relative to the polarisers. Four topological features
dividing the droplet circle into four equal arcs are
observed without analyser (Figure 3(a), bottom). Top
and bottom features are connected by the dark line. AtFigure 1. (colour online) A scheme of electro-optical PDLC cell

with the electric field applied along the substrate.
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that, the droplet border is clearly seen completely. This
indicates that the director is oriented mostly in parallel
to the polariser. A vertical thin extinction band con-
necting the top and bottom features at the border and a
horizontal extinction band connecting two other fea-
tures are seen in crossed polarisers (Figure 3(a), top).
Besides, there appear four extinction areas located close
to the droplet circle and approximately equidistant
from the vertical and horizontal extinction lines.

The sample rotation by 45° clockwise relative to the
polarisers changes completely the optical texture
observed in both crossed polarisers and without analy-
ser (Figure 3(b)). The interference colour pattern with-
out extinction bands is seen in crossed polarisers. Four
identical sections along the droplet border are seen
without analyser. When moving around the droplet

clockwise, the maximum darkening is revealed in the
feature areas. Then the border sharpness decreases
gradually to the next feature.

The optical texture analogous to the one presented
in Figure 3(a) is observed in crossed polarisers when
the sample is turned at 90° relative to the polarisers
(Figure 3(c)). When the analyser is off, the droplet
border loses its clearness.

When scanning the extinctions bands (Figure 3, top
row) and taking into account the preferable director
orientation at the droplet border (Figure 3, bottom
row), an anchoring α angle between the n director
and the N normal to the surface can be estimated
(Figure 3(d)). The director may be parallel to either
the horizontal or vertical polariser in the extinction
area located on the left bottom (Figure 3(a), top).

Figure 2. POM images of the typical droplet textures (a)–(e) observed in PDLC based on LN-396 and PiBMA in crossed polarisers
(top row) and without analyser (bottom row). The scale is the same for all images. The orientations of polarisers are marked with
double arrows here and in the following figures.

Figure 3. POM images of the LC droplet in crossed polarisers (top row) and without analyser (bottom row). The bands connecting
diametrically opposite features at the border are parallel to the polarisers (a); the sample is turned clockwise relative to the
polarisers at 45° angle (b) and at 90°angle (c). The scheme of the proper orientational structure with two boojums (black semicircles)
and the ring surface defect (the cross section is indicated by the squares) (d). The bipolar axis is oriented horizontally as in the case
(a). α is the anchoring angle between the local director orientation and the normal to interface. The droplet size is 10 μm.
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However, observing the droplet without analyser shows
that the director has approximately horizontal orienta-
tion here (Figure 3(d)). The angle thus estimated at
various points of the interface, except the features
neighbourhood, is α = 40°±4°.

The α angle invariance along the droplet circle
allows drawing schematically the orientational struc-
ture in the main droplet section by the film plane
(Figure 3(d)). Such a pattern of director field distribu-
tion corresponds to the structure with two point sur-
face defects, boojums and the ring surface defect, which
were observed earlier in the liquid matrixes.[7,14,15]
The section of the ring defect by the film plane reveals
as two features at the droplet border. The bipolar axis
connecting the boojums is the symmetry axis of the
orientational droplet structure.

In the PDLC samples under study, the optical tex-
tures shown in Figure 3 were observed only within the
10 μm droplets and smaller size. Analogous structure
with two boojums and the ring surface defect is
revealed within the droplets of bigger size (Figure 2
(b)), but the extinction bands in the central droplet
part is absent for any orientation of the bipolar axis
relative to the crossed polarisers. This is typical for the
twisted orientational structure within the droplet. A
twist angle, determined as azimuthal angle θ between
the orientation of bipolar axis and the director orienta-
tion at the droplet interface in the equatorial plane, was
estimated by the method described in detail in [24]. If
Mauguin’s condition is satisfied, then light passed
through the droplet in crossed polarisers will be

quenched simultaneously fulfilling the following
requirements: (1) the droplet bipolar axis is aligned
perpendicularly to the observing direction; (2) the
polariser orientation is perpendicular (or parallel) to
the director projection at the bottom droplet surface
and (3) the analyser orientation is parallel (or perpen-
dicular) to the director projection at the top droplet
surface. It is the twist angle at which the director
orientation in the central part is parallel to the bipolar
axis, must be selected out of two possible ones. For
these droplets with two boojums and ring defect, it
means that the bipolar axis must be within the film
plane and the plane of the ring defect must be perpen-
dicular to the film plane. The twist angle measured by
the method (Figure 4) for the various droplets satisfy-
ing the above-mentioned conditions depends on the
droplet size. So for the droplets of 10 μm diameter,
the twist angle is θ = 12° ± 3° and for the droplets of
21 μm diameter θ = 27° ± 3°.

Apart from the above-described droplet textures, the
other ones are also observed (Figure 2(c)). Turning the
sample relative to polarisers leads to the complicated
change of the droplet texture in both crossed polarisers
and without analyser (Figure 5).

The turning angle of the microscopic stage is 0°
(Figure 5(a)) when the droplet border is seen less
clearly without analyser. At that, one point defect is
revealed. Turning the sample makes the droplet border
clearer (Figures 5(b)–(c)). The maximum sharp bor-
ders are seen at 90° (Figure 5(d)). Lowering the macro-
scopic stage, there can be clearly observed the one

Figure 4. (colour online) POM images of the LC droplet in crossed polarisers (top row) and without analyser (bottom row). The
bipolar axis of the droplet is perpendicular to the polariser, the angle between the polariser and analyser is 90° (a); the bipolar axis
is turned at 20° anticlockwise relative to the polariser, the angle between the polariser and analyser is 130° (b); the scheme of
relative orientation of the bipolar axis, the director projection on the picture plane at bottom and top edges (top); the director field
over the top droplet surface (bottom) (c). The droplet size is 17 μm.
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point defect (Figure 6(a)), the ring defect (Figure 6(b))
and the second point defect (Figure 6(c)).

Analysing the optical texture we can state that the
droplet has the orientational structure with two boo-
jums, ring defect and the bipolar axis tilted to the film
plane. The absence of the extinction bands indicates the
presence of torsion deformation as in the case of
Figure 2(b) and Figure 4. The angle between the bipolar
axis and the film plane is may be varied from 0° (Figures
2(a) and (b)) to the approximate 90° (Figure 2(d)) in the
droplet ensemble. If the bipolar axis is orthogonal to the
film plane, the optical texture does not depend on the
turning of the microscope stage.

The droplet shown in Figure 2(e) has two boojums
and the ring defect as well. Figure 7 presents the images
of this droplet at the various angles of the bipolar axis
orientation relative to the polariser. It should be noted
that the plane of ring defect removes from the droplet
centre to one of the boojums. At that, the torsion
deformation occurs within the droplet. Such structures

are usually observed within large droplets (more
15 μm). The displacement of the ring defect can be
various within different droplets.

3.2. Surface anchoring strength

Within the samples with tilted boundary conditions, the
surface anchoring strength can be determined by the
field-free method which allows analysing the domain
walls of Bloch or Neel formed in the LC layer
Schlieren texture.[25] The Schlieren texture, having the
point and linear defects, the domain Bloch walls, is
formed in the cell produced to determine the surface
anchoring strength for the LC and polymer film based
on PiBMA (75%) and LN-396 (25 %). The polar surface
anchoring strength WS can be determined through the
measurements of the thickness d of the Bloch’s walls:

WS 1� sin 4α
2 π � 2αð Þ

� �
¼ h

d2
K22

2
π � 2αð Þ2;

Figure 5. (colour online) POM images of the LC droplet in crossed polarisers (top row) and without analyser (bottom row) at the
turning angles of microscopic stage 0° (a), 30° (b), 60° (c), 90° (d). The droplet size is 21 μm.

Figure 6. (colour online) POM images of the LC droplet shown in Figure 5(b) in crossed polarisers. The objective focuses on the
bottom defect-boojum (a), the ring defect (b) and top defect-boojum (c). Single arrows indicate the defect positions.
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where α is angle between the director and the normal
to the interface, h is cell thickness and K22 is the elastic
constant of the torsion deformation. We measured the
cell thickness h ffi 13 μm and the Bloch’s wall thickness
d ffi 3.0 μm. The angle α ffi 40° was taken from the
measurements in the LC droplets inside the polymer
matrix (see Section 3.1) and K22 ~ 10–12 (N). [26] The
polar surface anchoring strength was estimated by
using these data. It is WS ffi 2.4∙106∙K22 ~ 10–6 (J m−2).

3.3. Transformation of the orientational structures
under the electric field

The transformation of the director configuration can
be observed under the electric field applied along the
film plane. What all the droplets have in common is
that they are reoriented by bipolar axes along the filed.
Small control voltages almost without threshold field
are characteristic for the PDLC films under study. For
instance, for the experimental cell (Figure 1), the
changes of optical patterns are observed practically in
all droplets independently of their sizes starting with
20 V voltage. The droplets response to the external
electric field reveals in the slow turn (tens of seconds)
of the whole droplet structure at an angle depending on
the applied voltage. The bipolar axes of droplets are

aligned entirely along the electric field of 90 V, and the
planes of ring defects are oriented perpendicularly to
the applied field (Figure 8).

When the bipolar axis is oriented at any angle to the film
plane, a similar pattern is observed. If in the initial state the
bipolar axis is aligned in the film plane and perpendicularly
to the direction of the applied field (Figure 9), the threshold
character of reorientation is observed. Visible texture
changes appear only at Uc ffi 40 V (Figures 9(b) and (c)).
They are similar to the transformations within the bipolar
droplets with rigid planar anchoring.[27,28] Further
increasing of the field approximately up to 1.5 Uc leads to
the reorientation of bipolar axis close to the field direction
(Figures 9(d) and (e)).

If the ring defect plane is located asymmetrically
relative to the droplet centre, the turn of the ring defect
and its gradual displacement to the droplet centre
occurs simultaneously with reorientation of the bipolar
axis under the electric field (Figure 10).

After switching off the electric field, the slow relaxa-
tion of the orientational structures into the initial state
is observed. The droplets of smaller size take their
initial state faster (from tens of seconds to tens of
minutes). The relaxation time of the bigger droplets
can take some hours. Some droplets can relax into the
states different from the initial one.

Figure 7. (colour online) POM images in crossed polarisers (top row) and without analyser (bottom row). The bipolar axis is
orthogonal to the polariser (a); the sample is turned at 45° clockwise relative to the polariser (b); the sample is turned at 90°
clockwise (c). The droplet size is 23 μm.
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Figure 8. (colour online) POM images of the LC droplet in the initial state (a), under the 20 V electric field (b), 50 V (c) and 90 V (d)
made 1 min after switching the electric field on. Images in crossed polarisers (top row), without analyser (middle row) and the
schemes of the proper droplet structures (bottom row). The droplet size is 9 μm. Here and further, a gap between the electrodes is
410 μm, the direction of the electric field E is shown by a single arrow.

Figure 9. (colour online) POM images of the LC droplet in the initial state (a) and under the electric field of 40 V (b), 50 V (c), 60 V
(d) and 90 V (e) made 1 min after switching the electric field on. Images in crossed polarisers (top row), without analyser (middle
row) and the schemes of the proper droplet structures (bottom row). The droplet size is 8 μm.

LIQUID CRYSTALS 361



4. Conclusions

PDLC films based on the polymer PiBMA and nematic
mixture LN-396 have been investigated. The nematic
droplets have the orientational structure with two boo-
jums and the ring surface defect. Such orientational struc-
tures are formed at the homogeneous tilted anchoring.
Similar structures were observed earlier only within LC
droplets dispersed in own isotropic phase [14,15] or in
liquid matrix doped with homeotropic surfactant.[7,16]
The tilt angle of the LC director at the interface with
polymer has been estimated by the POM method. It is
the same for the droplets of different size.

The value of polar surface anchoring strengthWs ~ 10–6

(J m−2) was found by using the free-field method. It is by
1–2 orders more than Ws for homologous series of
4-cyano-4ʹ-(n-alkyl)biphenyls at the interface with the
own isotropic phase [29] where the tilted anchoring was
observed. The estimation of the surface extrapolation
length ξ = K /Ws, where K = (K11 + K33)/2, showed that
ξ = (K11 + K33)/(4.8 K22) ~ 1 μm for the structure under
study. In this case, the tilted anchoring must be kept over
all interface within large droplets (~ 10 μm and more).

It is of great interest that the bipolar axis inside
droplets is oriented under various angles relative to the

film plane. LC droplets within PDLC are known to look
as an oblate ellipsoid.[1,30] Such a form leads to the
orientation of the bipolar droplets symmetric axis along
the film plane,[1,31] while the symmetric axis in the
axial droplets tends to be oriented perpendicular to the
film plane along the short ellipsoid axis.[32] The studied
configuration with tilted anchoring has features of both
the bipolar structure (central spindle part of droplets
close to the bipolar axis) and the axial one (peripheral
droplet area). Probably, this peculiarity of the orienta-
tional structure provides a small difference of LC energy
for various orientations of the bipolar axis relative to the
film plane. It can also explain the observed distribution
of bipolar axes orientations in the experiment, the small
control voltages and longer relaxation time.

Thus, the polymer dispersed nematic LC films with
the tilted boundary conditions have the orientational
structure that combines the features of both bipolar
and axial configurations. Such features open possibilities
to apply these PDLC materials in manufacturing electro-
optical devices with the memory effect and the low
control voltage. Such features make these PDLC materi-
als prospective for manufacturing electro-optical devices
with the memory effect and the low control voltage.

Figure 10. (colour online) POM images of the LC droplet in the initial state (a) and under the electric field of 20 V (b), 50 V (c) and
90 V (d), made 1 min after switching the electric field on. Images in crossed polarisers (top row), without analyser (middle row) and
the schemes of the proper droplet structures (bottom row). The droplet size is 20 μm.
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