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Liquid crystals in confined geometries exhibit numerous complex structures often including topological
defects that are controlled by the nematic elasticity, chirality and surface anchoring. In this work, we
study the structures of cholesteric droplets pierced by cellulose fibres with planar anchoring at droplet

and fibre surfaces. By varying the temperature we demonstrate the role of twisting power and droplet

diameter on the equilibrium structures. The observed structures are complemented by detailed
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numerical simulations of possible director fields decorated by defects. Three distinct structures, a bipolar

and two ring configurations, are identified experimentally and numerically. Designing cholesteric liquid

DOI: 10.1039/c3sm50900a

www.rsc.org/softmatter with complex microresonators.

Introduction

Soft matter systems characterized by inherently strong suscep-
tibility to external stimuli are emerging as promising materials
for applications in photonics and lasing. Particularly important
are liquid crystals (LCs) with their optical anisotropy and ability
to shape and direct light. From the standpoint of photonic and
lasing applications, it is convenient to distinguish two classes of
LCs, namely, (i) intrinsically periodic chiral mesophases and
strongly confined LCs that both can possess a photonic
bandgap for visible light, and (ii) LC composites such as
colloidal particles assembled into a periodic structure in a LC
host that exhibit Bragg type light scattering. Here we restrict our
attention to the former systems.

The lasing in planar liquid crystalline geometries was pre-
dicted already in the early seventies, but it was experimentally
realized about ten years later." For more details see reviews by
Coles and coworkers devoted to planar geometries.>® Though
liquid-crystalline structures appearing after confinement to
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crystal microdroplets on thin long threads opens new routes to produce fibre waveguides decorated

droplets* and after application of external fields® are well known,
recent research demonstrates new opportunities, such as whis-
pering gallery modes in LC droplets used as microresonators.®’

Cholesteric liquid crystal droplets offer an especially rich
spectrum of possibilities as they exhibit various structures
controlled by chirality of constituent molecules (that estab-
lishes intrinsic periodicity), bulk elasticity and anisotropic
surface energy.*® Droplets with concentric packing of chole-
steric layers can be used as tunable onion-like Bragg micro-
resonators.'®** The cholesteric droplets, prepared as polymer
dispersed liquid crystals (PDLC)," can also be used for lasing.**
Although liquid crystal based microresonator structures are
experimentally achievable, their coupling to other photonic
elements is still a work in progress. Among recently proposed
promising sophisticated structures are nematic shells," handle
bodies' and LC necklaces."”*® In the latter case, the nematic
droplets are threaded by a cellulose fibre, which offers an
interesting possibility for the coupling of optical fibres to LC
droplet resonators. This idea stimulated our interest in chole-
steric droplets threaded by a fibre. The chiral cholesteric phase
offers more possibilities for the realization of a tunable micro-
resonator as compared to a simple nematic.

In this paper we examine cholesteric structures in droplets
located on a cylindrical fibre that goes through the axis of the
droplet and thus makes its topology very different from that of
the previously studied spherical droplets.’”” The experimental
study, based on polarizing optical microscopy (POM), is com-
plemented by numerical simulations of structures and their
POM appearance. The approach is based on our recent detailed
analysis of cholesteric droplet structures.” The piercing fibre
changes not only the topology of the droplet, but also distorts
the spherical shape to an approximately ellipsoidal droplet and
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adds an additional cylindrical surface with planar anchoring
along the droplet's long axis. We demonstrate that the presence
of the fibre stabilizes three distinguishable structures identified
experimentally and numerically. Finally, the effects of temper-
ature dependent chirality and droplet size on the structures and
stability are explored.

Experimental details and results

To produce the cholesteric system, we used the nematic liquid
crystal 4'-n-pentyl-4-cyanobiphenyl (5CB) and the chiral nematic
compound (S)-4'-(3-methylpentyl)-4-cyanobiphenyl (5CB*). 5CB*
presents a chemical structure very similar to that of 5CB, and a
10% (w/w) mixture of 5CB* in 5CB (5CB*Mix) was chosen to
produce a helical pitch p, detectable by POM. 5CB* presents a
N* phase between —14 °C and —22 °C and a helical pitch of
about 0.3 pm, and a smectic A phase is reported for tempera-
tures below —22 °C.*® The LC chiral mixture, 5CB*MiXx, presents
an I-N* phase transition at 28.3 °C and a pitch value of 7 pm
measured by optical microscopy, at room temperature (~19 °C).
The 5CB* compound was synthesized according to the proce-
dure described in detail in ref. 20. The nematic liquid crystal
5CB used exhibits a nematic phase in the temperature range
from 18 °C to 34 °C.

Cellulose fibres were prepared from 60% (w/w) hydroxy-
propylcellulose (HPC) (Aldrich, M,, = 100.000 g mol~"; molar
substitution, M = 3.5, as determined by "H NMR) solutions in
dimethylacetamide (DMac) (Riedel-de Haen, 99%). The viscous
iridescent solution in the nematic chiral phase was poured into
a 1 ml syringe (diameter 4.5 mm) fitted with a 27-gauge needle
(diameter 0.2 mm) which was then placed on the infusion
syringe pump (KDS100) to control the polymer solution feed
rate. A conducting ring, 15 cm in diameter, was held coaxially
with the needle tip at its center, and electrically connected to it.
Both the needle and the ring were directly connected to the
positive output of a high voltage supply (Glassman EL 30 kV).
After applying the electric potential between the metallic
syringe-tip and the plate, the polymeric solution was continu-
ously fed to the syringe-tip at a constant flow rate of 0.04 mlh ™,
and accelerated by the ensuing electric field towards a collector
consisting of two conductive strips separated by a void gap of
0.5 cm. The optimized operating conditions for the continuous
drawing of cellulose derivative fibres were a voltage of 15 kV for
a distance between the nozzle and the collector of [ = 15 cm. In
general, fibres get thinner at higher accelerating voltage;
however, several other parameters (such as the solution
viscosity, needle diameter and the distance to the target) also
contribute to the fibre shape and dimensions.”* In order to
obtain uniaxially aligned fibre arrays, a specially designed fibre
collector made of two parallel aluminium strips stuck together
by two conductive aluminium wires was used. Each aluminium
strip had a length of 2 cm and a width of 0.2 cm. The distance
between metallic strips was 1 cm (see Fig. 1a). After electro-
spinning, the HPC fibre arrays deposited across the aluminium
strips form suspended arrays. The fibres were then carefully
dried under vacuum, at room temperature, for 72 h before
further characterization.

This journal is © The Royal Society of Chemistry 2013

Fig. 1 Scheme of the sample holder and samples. (a) Scheme of the drops
threaded on the fibres, which are supported by two parallel metal strips: « = 2 cm,
6=0.2cmande=1cm. (b) SEM picture of the electrospun fibres. (c) A sketch of a
pierced LC droplet enclosed by a thin glycerol layer, which ensures planar
anchoring conditions at the LC/air interface. (d) Crossed polarizers POM pictures
of 5CB*Mix droplets dispersed in glycerol, (e) with an additional 530 nm quarter
wavelength retardation plate, (f) under parallel polarizers. (g) Simulated polari-
zation micrograph of the radial spherical structure and (h) the corresponding
simulated director field.

Optical micrographs were taken using a transmission mode
microscope, Olympus BH, equipped with polarizers, a camera and
a heating/cooling stage (Mettler, FP90). The fibres were charac-
terized by Scanning Electron Microscopy (SEM) using a SEM
DSM962 model from Zeiss. Gold was deposited on the samples by
sputtering in an Ar atmosphere, using a 20 mA current, for 30
seconds at a deposition rate of 3 A s™*. Images were obtained for
an acceleration voltage of 5 kV. Fibre diameters and lengths were
determined using Image J image processing software (version
1.40e). Blender, version 2.57b, was used to draw the 3D scheme.
Photographs and movies were taken with a Canon EOS 550D
coupled to the microscope through a LM-Scope adapter.

To generate stable planar anchoring at the cholesteric
droplet surface we mixed 5CB*Mix with glycerol* (around 10%
(w/w)) and we used ultrasound excitation in order to emulsify
the system into small droplets (see Fig. 1d). The droplets were
then carefully collected by a metallic wire (0.1 mm) at room
temperature (~19 °C) and transferred to suspended fibres
assembled by electrospinning, as shown in Fig. 1a and c. In
order to obtain well-dispersed and symmetrical droplets
confined on the fibres (1-2 pum), the samples were heated to
80 °C for 5 minutes. The cellulosic fibres enforce tangential
alignment along the fibre axis for 5CB molecules'” (contrasting
with the homeotropic alignment at the 5CB-air interface®*). The
Po value of 5CB*Mix increases from 7 pm at room temperature
to 8 um at T'= 27.8 °C. The droplets with planar anchoring and
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diameters from 15 um to 40 um, before being collected on the
fibres, were examined between cross and parallel polarizers and
by using a 530 nm retardation plate inserted between crossed
polarizers at a 45° position (Fig. 1d-f). These observations reveal
a characteristic cholesteric structure, which was imposed by the
boundary conditions (Fig. 1g and h).

The cholesteric necklaces consist of drops suspended on
fibres stretched in air (Fig. 1c). The drops retain a coverage by a
thin layer of glycerol that keeps planar anchoring of the
confined liquid crystal as is clearly observed under a polarizing
microscope. Our liquid crystalline droplets satisfy the
constraint R >> K/W for strong anchoring (strength W and
Frank elastic constant K for the 5CB-glycerol system and the
liquid crystal within the droplet will satisfy the boundary
conditions'’). Typical examples of two ellipsoidal droplets sus-
pended on a microfibre, with 27 pm and 18 um major axis, are
given in Fig. 2. In Fig. 3 two different droplets show a series of
dark and bright domains, which change color by crossed
polarizers rotation, indicating the presence of concentric
cylindrical cholesteric layers. By reducing the size of the drop
relative to the cholesteric pitch, the configuration changes from
a bipolar to a ring structure, as shown by images in Fig. 2 and 3.

In order to investigate how the ring defect structure
(observed for droplets with structures similar to those shown in
Fig. 2ii) evolves toward the final equilibrium configuration in
the middle of the droplet, we heat the LC gradually above the
cholesteric-to-isotropic transition to obtain the disordered state
(at the rate of 1 °C min™'; see also Movie S1 in the ESI,} which
shows the heating process). In the heating process, the starting
ring defect, located at the centre of the drop, starts to increase
its diameter, as shown in Fig. 4i (¢ = 2 s), and close to this defect
two symmetric black spots can be observed. For ¢ > 2 s, the
anisotropy inside the droplet starts to vanish asymmetrically
relatively to the fibre main axis. This can be due to the twisting
of the nematic layers. By cooling the droplet back to the
cholesteric mesophase (Fig. 4ii and Movie S2 in the ESI,{ which
show the cooling process), we follow the generation and trans-
formation of the structure that appears in the droplet. After 21 s

Fig.2 Cholesteric bead textures observed by POM. (i) The bipolar structure with
cylindrical cholesteric layers; (i) smaller cholesteric bead with a totally different
distribution of the director — the ring structure. The photos were taken (a) under
the crossed polarizers, (b) with a 530 nm quarter wavelength retardation plate,
between crossed polarizers, and (c) under parallel polarizers.
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Fig. 3 POM pictures of cholesteric LC droplets, with different diameters, threa-
ded by thin cellulose fibres with planar anchoring at the fibre surface and air
interface. (i) A bigger and more spherical droplet exhibits a structure resembling a
bipolar one in Fig. 2i. Note bent cholesteric layers due to a relatively stronger
effect of the curved spherical surface. (i) The ring structure resembling the ones in
Fig. 2ii. In (i) and (ii) the cross polarizers were rotated 20° from picture to picture.
The white arrows indicate the cellulosic microfibres piercing the droplets.

Fig. 4 Heating and cooling processes of a ring structure cholesteric droplet. (i)
Snapshot images of the droplet evolution from the equilibrium director config-
uration (t = 0 s) to the isotropic phase (t = 21 s). The initial ring defect at the
center of the drop (t = 0 s) first increases the diameter (t = 2 s) and then the ring
defects increase their separation. (ii) When cooling the droplet from the isotropic
phase (t = 0 s) back to the equilibrium ring configuration (t = 21 s), firstly the
initial isotropic configuration transforms into a transient axial drop (t = 14 s) and
eventually develops ring defects at the centre of the droplet around the fibre at
t = 21 s. Snapshots were taken using a 530 nm quarter wavelength retardation
plate between two crossed polarizers. The heating and cooling rates are both

equal to 1 °C min~".

the central ring defect reappears from the shrinking of a black
region. Eventually, the initial state is reproduced, which is a
strong proof that for such drops the ring structure is the most
stable.
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Numerical modelling and discussion

Here we start with a brief repetition of main configurations that
appear in dispersed spherical cholesteric droplets. Director
fields and defects are predominantly controlled by the
boundary conditions and the twisting power gR with R being the
radius of drops and g = 27/p, the inverse cholesteric pitch.®
Initial modelling of cholesteric droplets®**** with degenerate
planar anchoring provided only general features of structures.
Recent numerical modelling based on the minimization of the
Landau-de Gennes free energy, which allows a detailed
description of structures, unveiled a number of peculiarities in
the defect regions.® For low twisting powers (R < 27), the stable
droplet configuration is the bipolar structure (BS, see Fig. 4a in
ref. 9), with two surface boojums positioned diametrically. The
boojums are connected along the diameter of the droplet by a
non-singular disclination with winding number +1 (cholesteric
A" 1ine*). For higher twisting power values, gR > 27, the bipolar
structure continuously evolves into the radial spherical struc-
ture (RSS), which is the only one also observed in our dispersed
cholesteric droplets (Fig. 1c-g). The RSS is characterized by a
helicoidal winding of the A** disclination into a double helix
structure that spans from the centre of the droplet to the surface
and ends with two singular +1 surface boojums, topologically
equivalent to those in the BS. The RSS is thus notably different
from the Frank-Pryce model structure®® where a singular line
with winding number +2 spans from the centre of the droplet to
the surface. Among these two ground states of spherical
cholesteric droplets, many intricate metastable states that differ
in the topological defects and director fields can appear.’® It is
worth mentioning the diametrical spherical structure (DSS)
with a cylindrical symmetry that is metastable because it
consists of a series of ring defects around the symmetry axis (see
Fig. 2a in ref. 9). The director field can be visualized as a
sequence of concentrically positioned tori of deformed double
twist cylinders with cross-sections being rather of the banana
shape instead of being circular.

In the bipolar structure, the director field in the central
region is predominantly in the direction of the escaped dis-
clination. One could thus expect that piercing such droplets
with cylindrical microfibres that prefer planar surface orienta-
tion would stabilize the bipolar structure. However, the inclu-
sion of such additional surfaces changes also the droplet
shapes. Since the nematic elasticity is typically much weaker
than the surface tension,” the interfacial energy is thus expec-
ted to govern the shape of the threaded droplets. The typical
experimental value for the surface tension of the LC-glycerol
interface is ¢ ~ 0.02 ] m~2.® A similar order of magnitude of o is
expected for the LC-air*® and LC-solid interface. Since the
typical estimate for the elastic constant K of a LC is 5 pN, the
ratio K/o, which has the dimension of length, is very small, at a
few nanometers. It implies that the shape of the threaded
droplets that are larger than a few nanometers is controlled
mainly by the surface tension rather than by the elastic energy.
The high wettability of the cellulose fibres (low contact angle)
provokes a change of the spherical shape to an approximately
ellipsoidal form. Such deformed shapes could stabilize states

This journal is © The Royal Society of Chemistry 2013

that are otherwise metastable. Due to the planar requirements
at the surface of the microfibre inside the ellipsoidal droplet,
the preferred structures are expected to be close to the BS and
DSS, both having a central region that would be the least frus-
trated by a fibre. Therefore, we used the director field Ansétze of
the BS and DSS® as initial conditions in the numerical model-
ling of threaded droplets. We obtained three distinct structures:
the bipolar structure (see Fig. 5a) and two ring structures
(Fig. 5b and c). The bipolar structure is essentially the same as
BS in spherical droplets with no additional inclusions. It is
characterized by the cylindrical symmetry of the director field
around the fibre, twisting only in the radial direction perpen-
dicularly from the fibre. It has no bulk defects, only two boo-
jums positioned diametrically at the fibre-droplet surface. Note
the similarity between the simulated micrograph (Fig. 5a) and
the experimental micrographs in Fig. 2i. For more spherical
drops (Fig. 3i) the similarities are partially masked by surface
induced curving of cholesteric layers. Both ring structures are
also approximately cylindrically symmetric; however, the
director field is mostly different in the central region having an
additional —1/2 disclination ring around the fibre and one (see
Fig. 5b) or two (Fig. 5c) surface rings at the fibre surface. A
comparison with experimental pictures (Fig. 2iia—c) indicates a
close resemblance to the double ring structure (Fig. 5c). For
more spherical drops (Fig. 3ii) the similarities are less
pronounced due to surface induced curving of cholesteric
layers. The ring structures are a compromise between the
cylindrical cholesteric layers of the bipolar structure and addi-
tional twisting accommodated by the ring defects. This resem-
bles the DSS structure in simple spherical droplets through the
toron-like elements (toroidal shaped double-twist cylinders)
between the central ring defects and both surface boojums. In
the second ring structure, the extra surface ring is thus
compensated by the additional cholesteric layer compared to

Fig. 5 Numerically calculated structures in cholesteric drops threaded on thin
fibres (for gR = 4m) presented with the director fields in xz-plane (top) and xy-
plane (bottom right), and simulated transmission micrographs (bottom left): (a)
the bipolar structure, (b) the ring structure, and (c) the double ring structure. Both
(b) and (c) have an additional bulk —1/2 disclination ring (red isosurfaces of
depressed nematic degree of order) around the fibre in the ring structures. In
both ring structures the toron-like elements emerge. Note the resemblance of the
simulated micrographs with experiments in Fig. 2.
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the first ring structure. All three structures have similar free
energies, and their stability largely depends on the material
parameters such as the radius-to-pitch ratio and the curvature
of the droplet surface (i.e. the eccentricity of the ellipsoidal
droplets). In a preliminary numerical study we also examined
further increase of chirality (shorter pitch). Starting from a
bipolar configuration in a given droplet shape we show that by
lowering the pitch, ring defects are gradually forming and
restructure towards a configuration resembling the diametrical
spherical structure.

Here we briefly summarize our numerical modelling. It is
based on a continuum Landau-de Gennes approach, where the
tensorial order parameter Q;j is used to construct the total free
energy as in ref. 30. The free energy minimisation procedure is
able to fully characterize (i) the defect regions, i.e. the areas with a
depressed nematic degree of order, (ii) elastic distortions
induced by intrinsic twisting of a cholesteric state, and (iii) the
degenerate planar nematic anchoring at the droplet surface.
Focusing on the effect of chirality, one-constant elastic approxi-
mation is used. The total free energy F is numerically minimized
by using an explicit Euler relaxation finite difference scheme on a
cubic mesh.*?*** The surface of the droplet is modelled as an
ellipsoidal shell of mesh points (with eccentricity 1.25) and the
microfibre as a cylindrical shell of mesh points, both with
thickness equal to the mesh resolution. To cover the cholesteric
twisting of the director and in particular the defects, typically
more than 70 mesh points per pitch are used. For material
parameters the values typical for a thermotropic cholesteric
liquid crystal are used: L =4 x 10" "' N,A = —0.172 x 10°J m >,
B=-212x10°Jm >, C=173x10°Tm > Wy =10">Jm 2

To compare the calculated structures with experiments,
polarization micrographs of simulated structures are calculated
with the Jones 2 x 2 matrix formalism using n, = 1.5 and n. = 1.7
as ordinary and extraordinary indices of refraction, respectively.
The formalism incorporates only the leading contribution - the
local variations in birefringence of the nematic refractive index
due to the director field - and neglects reflections and refractions
at the droplet surface.* More specifically, in this formalism, the
light beam is propagated along a chosen direction and the total
phase shift between ordinary and extraordinary polarisations is
accumulated. To reproduce colour images, we repeat the calcu-
lation for 10 different wavelengths in an approximate radiation
spectrum of a black body at 6000 K (i.e. the white light approxi-
mation) and sum the results for each wavelength corresponding
to RGB colour spectrum weights. The polarization micrographs
are calculated for the director structure scaled by a factor of 3 to
match the scales of typical experiments and obtain a more
quantitative comparison.**

Conclusions

We show experimentally generated stable cholesteric liquid
crystal microdomains threaded on cellulose fibres that exhibit
toroidal topology. The otherwise well-known structures in
spherical cholesteric droplets are indeed modified by the pres-
ence of piercing cellulose fibres that change both the droplet
shape and also topology. Theoretical analysis together with

7932 | Soft Matter, 2013, 9, 7928-7933

numerical modeling shows possible structures and differences
from spherical cholesteric droplets. We demonstrate that the
suspended chiral droplets exhibit, for higher twisting power
values, a stable disclination ring around the fibre main axis,
similar although with the opposite winding number sign to that
in suspended nematic droplets with homeotropic anchoring.
The experimental system presented in this work is highly
sensitive to temperature variations resulting in structural
changes, which opens new possibilities for the production of
enhanced “weightless” web-like thermo-optical devices. Such
web-like mats based on electro-spun micro/nanocellulose fibres
could therefore make also an ideal system for the detailed studies
of liquid crystal microdroplets suspended in air. Moreover, the
incorporated cellulose thread inherently connected to the liquid
crystal-director and defect-structure could possibly couple these
systems to diverse external fields, making such systems poten-
tially useful for tunable photonic and waveguide applications.
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