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Liquid crystal-refilled polymer network templates
formed by photo-polymerisation in an
orientationally ordered liquid crystal†

Chung-Hao Chen and Ingo Dierking *

Polymer networks, formed via photo-polymerisation in a thermotropic liquid crystal, will largely follow

the self-organised order of the phase in which they form. Using the wash out – refill technique, where a

network is formed, the liquid crystal is washed out and the network refilled with a different liquid crystal

material produces devices which are largely dominated by the interaction between the polymer network

and the refilled liquid crystal. We have used this technique to determine the lower pitch boundary of a

chiral nematic which will allow enhancing the selective reflective intensity of light beyond the theoretical

limit to approximately P E 1 mm. We further demonstrate that a helical polymer network is not sufficient

to induce a twist grain boundary TGB-like structure in an achiral SmA phase and provide an explanation

in terms of elasticity. A third aspect of the investigations is the drastic enhancement of alignment and

orientation of a refilled lyotropic nematic phase to achieve excellent dark states over large areas. Using a

helical network, it is shown that helicity can be transferred to refilled lyotropic phases when a polymer

network was formed in a helical thermotropic phase.

1. Introduction

Liquid crystal-polymer composites1 have attracted increasing
attention over the last two decades, ever since polymer dispersed
liquid crystals (PDLCs)2,3 have reached maturity as privacy
windows4 and polymer stabilised liquid crystals (PSLCs)5 show
promise as smart glass6,7 and in scattering displays.8,9 The
concept of PSLCs is straight forward:10 the rod-like molecules
of the liquid crystal are mixed with a small amount, typically less
than 5% by weight, of a photo-curable, bifunctional monomer
which is also of rod-shape and is often mesogenic by itself. A
small amount of a photo-initiator is added, often in quantities of
about 1–2% of the monomer concentration. The monomer
molecules orient with their long molecular axis parallel to the
director field n(r) of the liquid crystal host, and photo-
polymerisation via UV illumination is initiated. Prior to poly-
merisation, the liquid crystal director field n(r) can be pre-
determined via the phase structure and boundary conditions.
During photo-polymerisation, the polymer network phase sepa-
rates from the liquid crystal such that a bi-continuous, phase-
separated structure evolves where a continuous polymer network
is embedded in a continuous liquid crystal. The resulting

polymer network that is formed is thus a template of the liquid
crystal in which it forms. This can, for example, be the uniform
orientation of a nematic,11 the director field around topological
defects12 or the helical structure of a cholesteric phase,13 which
has been shown by scanning electron microscopy (SEM). In the
latter case of a cholesteric helical template, the polymer network
can be left-handed or right-handed, depending on the helicity of
the cholesteric phase. This exhibits the quite remarkable phe-
nomenon of selective reflection of a narrow (B50 nm) wave-
length band around a centre wavelength l0 = hni P, which is
related to the helical pitch P and the average refractive index hni.
The width of the band, Dl, is generally related to the birefrin-
gence Dn by Dl = Dn P. Selective reflection can thus be observed
in the UV, VIS, and IR, depending on the pitch, and device
application. For lasers, this photonic band gap (PBG) is often
sought to be in the visible range of the spectrum, while for heat
reflectors, telecommunication or scattering devices, the IR
regime is often useful.

Much attention has been paid in the past to achieve a
broadband reflection of light from a cholesteric liquid crystal
structure.14–16 All of the different approaches to widen the
reflection band essentially depend on the formation of a helical
polymer network with a pitch gradient through the cell.17,18 The
pitch variation is then due to monomer diffusion during
polymerisation caused by a UV-intensity gradient. This can be
achieved by single-sided irradiation at varying UV intensities
but possibly better controlled by the addition of a small amount
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of a UV absorption dye.19–21 Another method employed to
obtain pitch gradients is polymerisation during the change of
temperature, exploiting the temperature dependence of the pitch
P(T).22–25 This may also be performed with chiral monomers.25,26 A
third commonly used method is the application of an electric
field.27–29 A lesser employed methodology is the use of reactive
surface coating layers.30 Broadband reflection bandgaps are useful
in applications, such as widely tuneable cholesteric lasers28 or
Bragg–Berry mirrors.31

Another aspect of cholesteric selective reflectivity which has
attracted much attention is the intensity of reflected light. In an
ideal structure, reflectivity is limited to 50% of the incoming
intensity of linearly polarised light. The latter can be thought of
as a superposition of left- and right-handed circular polarised,
LCP and RCP, light. For a cholesteric helix of a particular
handedness, one of these components is transmitted without
loss, while the opposite component is selectively reflected. For
applications, it is of course desirable to have as much light
reflected as possible, ideally 100%. Again, several methodologies
are available to achieve an increased reflection, which have been
demonstrated. Obviously, the easiest way to obtain higher reflec-
tivity is to use a two-cell double layer, one filled with a left- and
the other with a right-handed cholesteric.32 This does work for all
wavelengths, visible and IR, and has been shown to provide a
reflectivity of 75% (which could surely be increased for samples
with less defects etc.), yet it is not a single cell device and does not
incorporate polymer networks.

An innovative approach which provided close to 100%
reflectivity was proposed by Mitov et al.33,34 The single cell device
exploited the properties of a twist inversion compound, a cho-
lesteric liquid crystal which changed its pitch handedness as a
function of temperature.35 The polymer network was formed at
one handedness and the device exhibited a 50% reflectivity.
When the temperature was changed the CLC adopted opposite
handedness to that of the helical polymer network, thus achiev-
ing close to 100% reflectivity at a wavelength of l0 = 3.5–4 mm.
This approach was further elaborated by the addition of a UV dye,
causing a polymer rich and a polymer-deprived region within the
cell.36 This gave rise to two reflection bands with opposite
handedness. On tuning the temperature to match the pitches
of both bands, a 90% reflectivity was obtained. It has further been
shown for different materials that the twist inversion approach
may be supercooled by quenching most likely into a glass at room
temperature, again maintaining a reflectivity of 80% at a reflec-
tion wavelength of l0 = 2.7 mm.37 Using a liquid crystal of certain
handedness and a photo-monomer of opposite handedness, in
visible wavelength regions, reflectivities of up to only 55% have
been achieved.38 Finally, another obvious approach is the for-
mation of a polymer network in a liquid crystal of one handed-
ness, washing out the LC and refilling the structure with a liquid
crystal of opposite handedness.39 This gave reflectivities of about
85% at a wavelength of l0 = 1.8 mm.

We note that all efforts to increase the reflectivity of a single
device beyond the reflectivity limit were successful at pitch
values in the micrometre regime. One of the aims of this
investigation is to determine the lower limit of applicability

of this approach. Another lies in the question if helicity can be
transferred onto orthogonal smectic phases to produce artificial
TGB-like structures. In a third part, we will demonstrate that
polymer networks formed in a thermotropic nematic liquid crystal
can aid the macroscopic alignment of lyotropic phases. For these
studies, we will use the wash out/refill – technique,39 where a
polymer network is formed in a particular liquid crystal which will
then be washed out and replaced by a different LC because this
has recently been employed in a number of application devices
such as diffraction gratings,40 optical thermal sensors,41 lasing at
different colours42 or colour memory devices.43

2. Experimental method
2.1. Materials

The thermotropic nematic liquid crystal chosen as a host
material was 4-cyano-40-pentylbiphenyl (5CB), which displays a
phase sequence of Cr 22.5 N 35 I on heating (all temperatures in
1C). Since this material is achiral, investigations involving helical
superstructures needed 5CB to be doped with a chiral dopant at
varying concentrations with either (S-(+)-2-octyl 4-(4-hexyloxy-
benzoyloxy) benzoate, abbreviated as S811, or (11)-9-(4-propyl-
cyclohexyl)-9-10-dihydro-8H-dinaphtho[2,1-f:10,20-h]1,5dioxonine,
abbreviated as R/S5011. As a thermotropic smectic phase,
4-cyano-40-octylbiphenyl (8CB) with a phase sequence of Cr
21.5 SmA 33 N 41 I on heating was employed. Polymer networks
were obtained from the bifunctional, UV-curable mesogen 2-methyl-
1,4-phenylene bis(4-(3-(acryloyloxy) propoxy)benzoate), (RM257), in
combination with a small amount of benzoin methyl ether, (BME),
as a photo-initiator. Investigations with lyotropic liquid crystals were
carried out with the chromonic dye disodium,6-oxo-5-[(4-sulfonato-
phenyl) hydrazinylidene] naphthalene-2-sulfonate, (sunset yellow,
SSY), in water at concentrations in excess of the biphasic region
(weight% 25 SSY/75 H2O). The liquid crystals 5CB and 8CB were
purchased from Fluorochem, UK. The chiral dopant S811 was
purchased from Xian Hua, China, and R/S5011 from Daken, China.
The monomer RM257 was obtained from Synthon, Germany, and
the photo-initiator BME was obtained from Aldrich. Sunset Yellow
was purchased from Instant Sunshine. All materials are well-known
standard compounds, were used as received and their chemical
structures are shown in Fig. 1.

2.2. Sample preparation

The nematic liquid crystal 5CB was mixed with less than 5% by
weight of RM257 and a tiny amount of photo-initiator BME
(2 wt% of monomer content) in the presence of isopropanol or
dichloromethane. Monomer concentrations were chosen as to
avoid phase separation above the solubility limit. For chiral
template networks also, a respective amount of chiral dopant
was added and the weight percentage depending on the pitch
was adjusted. The mixture was sonicated for 15 minutes and
kept at a temperature of T = 40 1C on a hot plate (IKA C-MAG
HP 10) until the solvent had completely evaporated.

For the construction of sandwich cells, glass substrates were
cleaned with 2-propanol in a sonication bath for 15 minutes
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and the glasses were then baked in an oven at 100 1C for
10 minutes to evaporate all solvents. Furthermore, the sub-
strates were placed in a plasma chamber for 10 minutes to
remove organic residues. Planar boundary conditions for the
liquid crystal were achieved by spin-coating the substrates with
an alignment layer of a polyvinyl alcohol (PVA) and water
solution (0.5 mg mL�1) and further baking at 100 1C to
evaporate the water. The PVA layer was then unidirectionally
rubbed with a velvet cloth. Finally, the substrates were
assembled antiparallel with a film spacer determining the
sandwich cell thickness between 23 and 85 mm (Fig. S1, ESI†).

The LC-monomer mixture was filled into the cell by capillary
action under darkroom conditions. The samples were poly-
merised by UV irradiation (NeoLab UV lamp, 0.06 mW cm�2,
for 1.5 h). After polymerisation, the sample was immersed into
cyclohexane on a magnetic stirrer (Gallenkamp) for 48 h to
remove the liquid crystal from the phase separated polymer to
leave a polymer network template of the liquid crystal order which
can then be refilled (Fig. S2, ESI†). To verify whether 5CB has been
completely removed from the polymer network, FTIR analysis
(Bruker Alpha II) was performed on 5CB/S5011, RM257 and the
polymer network after washing out the liquid crystal. Fig. 2 shows
the spectra of 5CB/S5011 and the polymer network after washing
out the liquid crystal from the PSLC. The intensity of the polymer
network spectrum has been multiplied by 30 because the concen-
tration of RM257 in the PSLC was 3 wt%. A strong absorption near
2200 cm�1 (black) is distinguished due to the CN triple bonds in
5CB. In the polymer network spectrum, no such absorption peak
is observed anywhere near that wavenumber, indicating that the
liquid crystal has been completely removed from the polymer
network. The polymer network exhibits an absorption peak
between 2800 and 3000 cm�1. This very weak peak is also found
in the monomer RM257 and is rather related to the latter than the
liquid crystal mixture (see also Fig. S3, ESI†). The full FTRI spectra
of the investigation are provided in Fig. S3 of the ESI.†

Sample morphologies and textures were observed with a
polarised optical microscope (Leica, DMLP) equipped with a
hot stage (Mettler Toledo, FP90) and a temperature controller for
accuracies of relative temperatures to 0.1 K. Images between
crossed polarisers were recorded using a digital camera (IDS uEye
camera, 2048 � 1088 pixel resolution) attached to the micro-
scope. The optical measurements use the same microscope-
based setup with an in-house built photodiode and a voltage
metre (Agilent, 34401A) to detect and record the light intensity
during sample rotation between crossed polarisers. The handed-
ness of the helical structures can be determined by using the
POM with monochromatic light while rotating the top polariser
in clockwise and counterclockwise directions to determine in
which direction the transmission becomes darker and brighter.
This is equivalent to a qualitative circular dichroism (CD)
measurement.

Fig. 1 Chemical structures of the thermotropic liquid crystals 5CB and 8CB, the lyotropic liquid crystal Sunset Yellow, chiral dopants, S811, R5011 and
S5011, the bifunctional photo-reactive monomer RM257 and the photo-initiator BME employed in the investigations.

Fig. 2 FTIR spectra of the 5CB/S5011 mixture (black) and the polymer
network after washing out the liquid crystal from the PSLC (red).
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Reflection and transition properties were measured by using
an optical microscope (Leica, DM2500P) equipped with a UV-VIS
spectrometer (Ocean Optics, QE65000) connected via an optical
fibre to collect the intensity in the range of visible light. Data for
larger ranges of wavelengths were measured by UV-VIS-NIR spec-
trometry (Cary 5000) collecting the reflection spectra for wave-
lengths scanned from 3000 to 600 nm at a rate of 10 nm s�1. The
handedness of chiral liquid crystals was determined by circular
dichroism measurements (Jasco J810) for wavelengths scanned
from 550 to 300 nm at a rate of 1 nm s�1.

3. Experimental results and discussion
3.1. Refilled thermotropic liquid crystal in a polymer network

Cholesteric liquid crystals (CLCs) exhibit unique optical proper-
ties, such as selective reflection with the reflectance limit at
50%. Mitov et al.33 constructed a device where a chiral polymer
network of a certain handedness is formed at a specific
temperature. The chiral nematic host exhibits an inversion of
its helicity at a different temperature. This implied a right-
handed helical polymer network embedded in a left-handed
helical liquid crystal below the inversion temperature and a
structure exceeding the theoretical reflectance limit at wave-
lengths of several micrometres.

In this study, we investigated the limitations with respect to
the reflection wavelength of the polymer network, aiming to

determine the minimum pitch at which the polymer network
could still significantly enhance the reflection (absorption)
above the theoretical limit of 50%. In our experiment, the LC
blends consisted of the standard nematic 5CB, 3% photoreac-
tive monomer RM257 and various concentrations of chiral
dopant S5011 (0.7%, 1.0%, 1.2%, and 1.5%) to induce helicity,
resulting in selective reflection of l0 E 1700–800 nm for
increasing chiral dopant concentration (with hni = 1.5, corres-
ponding to the pitch of approximately P E 1150–550 nm). The
LC blends were introduced into planar cells, polymerised by UV
illumination, the LC washed out by subsequent immersion in
cyclohexane, and then refilled with 5CB/R5011 mixtures of the
same pitch but opposite handedness.

The original composite (Fig. 3, red) was polymerised in the
presence of the left-handed dopant S5011 and thus represents a
system of left-handed polymers in a left-handed chiral nematic
liquid crystal. The refilled system (Fig. 3, black) is composed of the
right-handed dopant R5011 and represents a left-handed polymer
in a right-handed chiral nematic LC of the same pitch. Dopant
concentrations of the original system (S5011) and the refilled
system (R5011) are equal within limits of error, which may occur
during the weighing and mixing process; the detailed concen-
tration data are shown in Table S1 of the ESI.† These deviations in
chiral dopant concentration explain the shift of the selective
reflection bands with respect to each other (red and black curves).

The reflection spectrum was investigated by Vis-NIR spectro-
metry between 600 and 3000 nm. Fig. 3 depicts the reflection

Fig. 3 Vis-near IR reflection spectrum of polymer stabilised liquid crystal 5CB/3% RM257. (a) Dopant concentration 1.5%, P = 550 nm, (b) 1.2% dopant,
P = 670 nm, (c) 1.0% dopant, P = 730 nm and (d) 0.7% dopant, P = 1150 nm.
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spectra of the originally polymerised 5CB/S5011 cells (red
curves) compared to the refilled 5CB/R5011 cells (black curves)
for varying selective reflections between 800 and 1700 nm
(pitch 550–1150 nm) observed for decreasing dopant concen-
trations from (a) 1.5%, (b) 1.2%, (c) 1.0% and (d) 0.7%,
respectively. The original cells exhibited maximum reflection
intensities reaching approximately 50% as expected. The reflec-
tion spectra of the refilled 5CB/R5011 cells are slightly larger for
small wavelengths in the optical regime and markedly larger in
the IR. From the original selective reflection of the equally
handed polymer network and liquid crystal (left–left) and the
one observed by the system with the opposite handed polymer
network and liquid crystal (left–right), one can infer the relative
percentage increase of the selective reflection intensity as a
function of pitch. This is found to be approximately 10% for the
short pitch samples at high dopant concentrations (Fig. 3(a)
and (b)), as compared to about 33% for the longer pitch, low
dopant concentration samples (Fig. 3(c) and (d)). These results
are summarised in Fig. 4.

These measurements illustrate that there is a regime where
the polymer network cannot follow the tight winding of the
cholesteric helix for strongly doped nematics with a short pitch
and thus has little influence on the selective reflection properties
for composites of opposite polymer and liquid crystal helicity, i.e.
the helical order of the LC is in fact not transferred onto the
polymer network. Only at larger helical pitches, one can observe
an increase in selective reflection beyond the theoretical limit,
when the helical structure is transferred onto the polymer net-
work during the photo-polymerisation process, and the compo-
site of opposite polymer and liquid crystal handedness influences
the selective reflection properties. It is likely that this is the
reason why all the (successful) previous experiments on shifting
the reflection limit beyond theory were in fact carried out at
wavelengths of several micrometres, not hundreds of nano-
metres, although desirable for applications. Further evidence
for such a behaviour can also be found in the polymer network

formation of other structures in liquid crystals. For example,
polymer networks are expelled from highly twisted cholesteric
defects such as oily streaks.44 Also, in polymer stabilised Blue
Phases, the polymer networks are not formed in the highly twisted
double twist cylinders, but in the defect regions between them.45

Furthermore, polymer networks are not formed in the highly twisted
regions of twist grain boundary (TGB) phases, but in the untwisted
smectic A regions.46 And as a last example, in topological defects of
nematics, the polymer networks are expelled from the highly
deformed regions of the singularities.12 From the systems under
investigation here, we can infer that the lower limit of helical
polymer formation is of the order of 650–750 nm, so roughly of
the order of one micrometre. This is a reasonable order of
magnitude because the individual polymer network strands
formed during polymerisation exhibit a width of the order of
100 nm.

In Fig. 4, it can be seen that for small pitch, the polymer
network only slightly influences the reflection intensity, indicat-
ing that the network cannot follow the strong twist of the liquid
crystal and that the helical transfer is at best incomplete. This
observation also explains why the reflectance of polymer stabi-
lised cholesteric liquid crystals can only reach to 55% in the
visible region.38 For a larger pitch, the reflection intensity is
clearly improved for the refilled composite, indicating that both
left- and right-handed components of circularly polarised light
are reflected. This implies the helical transfer of the chiral
nematic order onto the polymer network during polymerisation.
The crossover between both regimes is located at about P E
700 nm (l0 E 1100 nm), which is in accordance with the size of
the network strands being approximately one order of magnitude
smaller (Fig. 5).

Fig. 5(a) illustrates a cholesteric liquid crystal and chiral
polymer network in a planar-aligned glass cell. The Bouligand
cut reveals the arc structure of the obliquely cut helix, where the
width of each arc represents half of the CLC pitch, as shown in
Fig. 5(b). Fig. 5(c) shows the SEM image of a polymer network
templating the cholesteric liquid crystal with the LC removed
for network preparation for electron microscopy. Cross-linking
is clearly visible, indicating that the original samples are bi-
continuous, with a continuous polymer network penetrating the
continuous liquid crystal phase. A comparison of Fig. 5(b) and
(c) illustrates that the polymer network density is uniformly
similar at large as well as smaller scales. The average width of
the polymer strands is approximately 110 nm as determined
from the distribution depicted in Fig. 5(d). Over 50% of the
strands have widths ranging from 80 to 120 nm, which implies
that the polymer network cannot follow the cholesteric helix
when the pitch of the liquid crystal is below 700 mm. This is due
to the fact that a p-twist would need to be templated by only
three polymer strands. Additionally, the voids of the polymer
network were measured on the surface of the sample to avoid
shielding by higher polymer layers. The average size of the voids
is about 800 nm, voids being slightly deformed to an ellipsoidal
shape, Nevertheless, this free volume in the polymer network is
sufficient for the refilled liquid crystal to form a helical or at
least twisted structure. It should be pointed out that for uniform

Fig. 4 Relative percentage increase of the reflection intensity as a func-
tion of pitch.
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UV illumination, the structural uniformity of the formed poly-
mer networks with respect to strand width and pore size is
indeed given, as has been shown in ref. 47 and 48. It is noted
that the structures somewhat change for different poly-
merisation temperatures and also UV dose and intensity varia-
tions, yet these changes are not significant enough to invalidate
the above argumentation.

3.2. Smectic A phase in a helical polymer network

Given the fact that we can transfer helicity from a chiral polymer
network onto an achiral nematic phase, it provokes the ques-
tions if it is possible to also induce helicity in an orthogonal
fluid smectic A phase. The reason why this is a fundamentally
interesting question is due to the existence of a spontaneous,
discontinuous helicity of the frustrated twist grain boundary
(TGB) phase.49 In some chiral materials, this phase, which is the
liquid crystal analogue to the Abrikosov flux lattice phase of a
type II superconductor in a magnetic field,50 is observed in a
generally small temperature interval between the cholesteric
and the smectic A* phase. The question is, can one induce a
TGB-like structure in an achiral smectic A phase through the
chirality field of a twisted polymer network?

A sample was prepared of 2 wt% RM257 with a tiny amount
of photo-initiator BME, doped in nematic 5CB with S5011 to
produce a range of pitch values, namely (i) P = 5 mm, (ii) P =
10 mm, and (iii) P = 30 mm in cells of thickness 30 mm. This
corresponds to twists of (i) 6 � 2p, (ii) 3 � 2p, and (iii) 1 � 2p,
respectively, through the cell gap. These twists were chosen

deliberately because for chiral nematics, one would expect case
(i) to behave optically like a cholesteric phase, i.e. with a constant
transmission intensity when the sample is rotated around the helix
axis by an angle a between crossed polarisers. Case (ii) would
behave like a slightly deformed helix, i.e. with slight intensity
variations, and case (iii) like a strongly deformed helix with a clear
variation of intensity, yet less than a standard well oriented
nematic.

The mixture was then polymerised, the liquid crystal was
washed out and the cells were refilled with 8CB, which exhibits a
SmA phase at room temperature, and a phase sequence on cooling
of: Iso 41 N 33 SmA 20 Cryst. (temperatures in 1C). As a control
sample, the transmitted light intensity of a non-stabilised, well
oriented 8CB SmA phase was also measured upon rotation between
crossed polarisers, exhibiting the expected sin2(a) behaviour.

Fig. 6(a) depicts the obtained relative transmission intensity
curves for the 30 mm thick cell with a polymer network of pitch
P = 5 mm. The black squares represent the data obtained for the
SmA phase without any polymer present, showing the expected
transmission variations from black to bright with a periodicity
of 901. Cooling the isotropic phase to the nematic at T = 40 1C in
the presence of the helical polymer network indicates a transfer
of helical order onto the liquid crystal because the related
transmission (red circles) hardly varies when rotating the
sample between crossed polarisers. Cooling further into the
SmA phase at T = 32 1C (blue triangles) appears to provide an
indication for a partially twisted SmA phase, i.e. a distorted
TGB-like structure, because the transmission does not become

Fig. 5 (a) Schematic illustration of a cholesteric liquid crystal and a Bouligand cut of the polymer network. (b) SEM image of a helical polymer network at
low magnification, revealing an arc structure due to the helical superstructure (reproduced by permission from ref. 5). (c) SEM image of the polymer
network templating a cholesteric liquid crystal (reproduced by permission from ref. 5). (d) Width distribution of the polymer network strands, with an
average polymer stand width of approximately 110 nm. The size of the network voids is about 800 nm on average.
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zero upon sample rotation between crossed polarisers, albeit
not staying constant either. Nevertheless, this interpretation
turns out to be a fallacy when viewing the corresponding texture
(Fig. 6(b)). This clearly exhibits a SmA phase, indeed a partial
fan-shaped appearance with the optic axis pointing in different
directions in different fans. This accounts for the fact that the
transmission never reaches values close to zero. We thus do not
find evidence for a network-induced TGB-like helix in SmA.

In a very similar experiment, we varied the pitch of the
helical structure in which the polymer network is formed via
photo-polymerisation from P = 5 mm, P = 10 mm and P = 30 mm,
again at the 2 wt% monomer concentration and the d = 30 mm
cell gap. This approach should vary the exerted elastic twist
energy of the polymer network at constant interaction energy
between the liquid crystal and polymer because only the direc-
tion of polymer strands is varied, not the polymer density. The

resulting relative transmission intensity behaviour is shown in
Fig. 7(a).

Again, as a control experiment, the SmA phase of 8CB
without a polymer exhibits a transmission variation between black
and bright with a 901 periodicity between crossed polarisers, as
expected (black squares). As soon as a helical polymer is intro-
duced, the relative transmitted intensity varies much less, and no
dark state is observed (Fig. 7(a)), as can be seen for the P = 5 mm
(red circles), the P = 10 mm (blue up triangles), and the P = 30 mm
networks (green down triangles). Yet again, this result is not due to
an induced helical SmA, or TGB-like state but is rather due to the
formation of a SmA fan-like texture with numerous domains where
the optic axis points in different directions (Fig. 7(b)).

The results might be understood in terms of the interaction
energy between the polymer network and the liquid crystal,
compared to the smectic layer elasticity. Similar to a normal

Fig. 6 (a) Relative transmission intensity by rotation between crossed polarisers of the SmA phase without the polymer network (black squares), the nematic
phase in the presence of a chiral polymer network of pitch P = 5 mm, indicating a transfer of helicity (red circles), and the SmA phase in the presence of a
helical network (blue triangles). (b) The respective texture of the SmA phase clearly indicates the absence of a TGB-like helical structure for the SmA phase in
the helical network, but it rather exhibits a fan-shaped structure with different directions of the smectic layer normal, and thus an optic axis.

Fig. 7 (a) Relative transmitted intensity as a function of the rotation angle of the sample between crossed polarisers for the SmA phase in a helical
polymer of pitch P = 5 mm (red circles), P = 10 mm (blue up triangles), and P = 30 mm (green down triangles). Black squares represent the SmA control
sample without any polymer network. (b) Corresponding textures of the samples, which all exhibit a largely non-oriented director distribution.
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liquid, the compressibility of a liquid crystal phase is very small
of the order of less than 1%. In this case, the elastic free energy
density of a SmA phase is given by:

Felastic ¼
1

2
k11ðdiv nÞ2 þ B

@u

@z

� �2
" #

where k11 is the splay elastic constant, which is of the same
order as that of a nematic, i.e. k11 B10�11 N and B is the layer
compression modulus which has been determined to be of the
order B B109 N m�2.51 The splay term is small compared to the
compression term and can be ignored for the sake of argument. For
a small compression of about 1%, the layer compression density is
thus of the order of Fcomp B105 J m�3. In comparison, we have
determined the polymer–LC interaction energy density for fluid
smectics to be of the order of Fpoly B103 J m�3.52,53 This is
considerably smaller than the compression energy which needs to
be overcome to form a TGB structure, Fpoly { Fcomp, thus the helical
polymer network cannot induce a twist grain boundary-like phase,
which explains its absence as indeed observed in the experiments.

3.3. Lyotropic liquid crystal refilled polymer networks

The polymer network stabilisation of liquid crystal structures
and refilling of networks formed in liquid crystals is generally
used in the field of thermotropic LC phases. The former involves
templating, thus resulting in a transfer of liquid crystal order
onto the dispersed polymer network, while the latter is con-
nected to the elastic influence of a structured polymer network
onto a liquid crystal phase. A quite different class of liquid
crystals is lyotropic liquid crystals (LLCs), where amphiphilic
molecules or shape anisotropic particles are dissolved in an
appropriate isotropic solvent to form a liquid crystalline phase
once a specific concentration is reached. Only few reports
discuss the polymer stabilisation of lyotropic phases. One of
these describes the production of uniform nanostructures using
polymerizable surfactants.54 Another is related to non-aqueous
bicontinuous cubic phases being photo-polymerized.55 Non-
amphiphilic, colloidal lyotropic systems are discussed for nano-
tubes in a solution with surfactants, monomers and crosslinkers
to form oriented films of nanotubes via photo-polymerization.56

Similarly, also for lyotropic graphene oxide, a polymerisation
step was introduced to prepare polyacrylonitrile-grafted GO.57

Systems like the ones discussed above could find application in
soft actuators, opto-electronics or nano-photonics, and are thus
of importance to be studied further.

Lyotropic chromonic liquid crystals (LCLCs) are one type of
lyotropic liquid crystal, employing dye molecules in aqueous
solution.58 We are here using a different approach: the for-
mation of polymer network structures in thermotropic liquid
crystals, namely in the achiral nematic and the chiral, helical
nematic phase, combined with subsequent removal of the LC
and refilling with the lyotropic phase. Since lyotropic liquid
crystals are often investigated in thick, and therefore poorly
oriented, samples, the primary aim of this part of our studies is
the achievement of oriented lyotropic nematic phases and the
transfer of helicity from a network onto the lyotropic nematic.

At first, we compare the sunset yellow, SSY, lyotropic
nematic liquid crystal at a wt% ratio of SSY/water (25/75) in a
planer cell of gap 85 mm without any polymer (Fig. 8(a)) and
with a 5% nematic polymer network (Fig. 8(b)).

The orienting effect of the polymer network with a nematic
structure onto the nematic lyotropic phase can already clearly be
seen by visually inspecting the texture (Fig. 8(b)) in comparison to
that of the non-stabilised LLC (Fig. 8(a)). The texture is not only
much smoother in appearance, but the nematic director does indeed
point into the direction of the polariser, which leads to a very good
dark state of the oriented lyotropic. This can also be quantified by
plotting the grayscale value of a cut through the texture as a function
of position. Variations of the transmitted intensity are approximately
10� larger for the nematic LLC which relies solely on boundary
conditions for orientation (Fig. 8(c)), while the polymer network
stabilised material is much better oriented with grayscale variation
being an order of magnitude smaller (Fig. 8(d)). We thus clearly
observe the transfer of nematic orientational order of the polymer
network onto the refilled continuous lyotropic nematic phase.

As a second demonstration of the enhancement of the optic
properties of the lyotropic nematic SSY/water phase, we now
refilled the cell at a 5% polymer network with nematic order in
a 30 mm thick cell (Fig. 9).

Fig. 9(a) shows the nematic lyotropic phase aligned with its
director parallel to one of the polariser directions, which leads
to extinction, i.e. the dark state, between crossed polarisers. A
very good alignment of the refilled lyotropic liquid crystal is
observed, due to the transfer of nematic order from the polymer
network. Rotating the cell by 451 leads to the orientation of
maximum light transmission, i.e. the bright state, which can
equally be seen to be very well oriented, producing a decent
contrast ratio for a lyotropic phase (Fig. 9(b)).

In a comparison between refilled samples with nematic poly-
mer networks at different concentrations, 2% and 5% by weight,
one can observe very good alignment and a good dark state for
both cases, as seen in Fig. 10(a) and (b), respectively. A quantitative
analysis via grayscale cuts reveals that the larger polymer content
leads to a slightly better alignment and orientation of the nematic
director of the LLC. The minimum transmitted intensity of the
dark state is lower for the 5% polymer sample (Fig. 10(d)) than for
the 2% sample (Fig. 10(c)), while also the grayscale variations
throughout the texture are lower. This implies that not only the
refilled lyotropic liquid crystal is aligned by the order transfer from
the polymer network, but also the alignment improves with the
increasing polymer content.

It is now of further interest, whether a twist of the polymer
network, formed through photo-polymerisation of the mono-
mers in the chiral nematic phase of thermotropic 5CB also can
be transferred to a refilled lyotropic nematic system of SSY/
water at a (25/75) ratio by weight. To this end, the chiral dopant
S811 was added to the 5CB/2% RM257 mixture to produce a
pitch of P = 10 mm in an 85 mm thick cell at a 2% monomer
concentration. The sample was photo-polymerised and then
washed and refilled with the lyotropic nematic.

Due to the rotation of the sample between crossed polari-
sers, Fig. 11 illustrates that the polymer network structure as
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well as the refilled LLC in the polymer have adopted a helical
superstructure. This is transferred from the helical polymer
network onto the nematic lyotropic phase, thus inducing a
chiral nematic lyotropic phase in the refilled system. The
handedness of the refilled LLC has been confirmed by circular
dichroism measurements. Both 5CB/S5011 and refilled SSY in a
helical polymer network showed left-handed signals, as shown
in Fig. 11(c). The full CD investigation is shown in S4 of the
ESI.† However, the pitch of the refilled lyotropic is difficult to
measure, as the reflection band is in the far infrared spectrum.
In addition, the Grandjean-Cano method cannot be used to
determine the pitch because it would deform the polymer
network. The pitch of the polymer network was adjusted to

10 mm, which suggests that the refilled lyotropic pitch is also
approximately 10 mm. The 85 mm cell gap provides space for
about 8 full 2p-twists. By observing the transmission light
intensity while rotating the sample between crossed polarisers,
the intensity remained constant, as shown by the red regions in
Fig. 11(a and b). This implies that the refilled lyotropic liquid
crystal exhibits a proper, non-deformed helical nematic phase.

4. Conclusions

We have investigated several different systems consisting of a
polymer network formed in a helical as well as untwisted thermo-
tropic liquid crystal via photo-polymerisation, washing to remove
the LC and refilling the network with a different thermotropic or
lyotropic material. Refilling a helical network of a specific handed-
ness with a thermotropic chiral nematic LC of opposite handed-
ness increases the reflected light intensity beyond the theoretically
predicted 50%. This behaviour is dependent on the pitch of the
original liquid crystal in which the network was formed. Below a
pitch of approximately P E 1 mm, the polymer strands cannot form
a helical superstructure, due to the spatial dimension of the
strands themselves. Only pitches larger than this limiting value
allow an increased selective reflection intensity.

Investigations of networks of several pitch values, refilled
with an achiral thermotropic liquid crystal, have shown that the
helicity of the network is transferred onto the refilled LC in the
nematic phase, while a twist grain boundary-like structure at

Fig. 9 Nematic LLC SSY/water refilled into a 30 mm thick cell with a 5%
polymer network of nematic orientational order. (a) Nematic director
oriented parallel to the polariser, a = 01, (dark state) and (b) at a position
a = 451 (maximum transmission). We note that in both cases, a very good
orientational alignment of the nematic LCLC due to the polymer network
is observed.

Fig. 8 (a) Lyotropic nematic texture of SSY/water at (25/75) wt% in a 85 mm thick cell without a polymer network. (b) Lyotropic nematic under the same
conditions, refilled into a 5 wt% stabilising polymer network with a nematic structure. (c) and (d) Quantification of the observed behaviour of (a) and (b).
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the transition to the SmA phase cannot be observed in any case.
This is due to the elasticity of the smectic layers, where even a
small smectic layer compression requires an energy that is
several orders of magnitude larger than the interaction energy
between the polymer network and the liquid crystal.

A polymer network of nematic order, obtained by photo-
polymerisation in a nematic thermotropic liquid crystal can be
refilled with a nematic lyotropic LC to drastically benefit the
alignment and orientation of the polymer stabilised LLC as
compared to its un-stabilised counterpart. Very good dark
states can thus be obtained for lyotropic nematics, leading to
good contrast ratios. Stabilisation is improved for increasing
polymer network concentrations. When refilling a helical poly-
mer network, this helicity is transferred onto the nematic LLC
to produce an induced chiral nematic lyotropic state.

Data availability

Most of the data used in the discussion are available in the
paper. Raw data can be made accessible upon reasonable
request to the authors.
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Fig. 11 (a) Partially refilled cell leaving a part of the polymer network
(yellow) unfilled with the LLC and another part refilled (red). (b) Rotating
the sample between crossed polarisers does not produce any transmitted
intensity variation, which evidences a helical superstructure. (c) Circular
dichroism measurements of the cholesteric PSLC system (black) and the
refilled lyotropic nematic SSY system (red) show the transfer of helicity of
the polymer network onto the lyotropic nematic. In both cases, a left-
handed superstructure is observed.

Fig. 10 Textures of the dark state of the refilled nematic LLC in an 85 mm thick cell with a polymer network formed under nematic order at a monomer
concentration of (a) 2 wt% and (b) 5 wt%. Both configurations display a visually very good dark state. A more quantitative analysis via a grayscale cut
through the texture (c) for a 2% polymer network and (d) for a 5% polymer network, exhibits that the increase in polymer concentration leads to a better
orientation of the nematic LLC, as expected.
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