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Role of the photopolymerisation conditions in the broadening of the temperature
range of the ‘blue phases’
Igor Gvozdovskyy

Department of Optical Quantum Electronics, Institute of Physics of the National Academy of Sciences of Ukraine, Kyiv, Ukraine

ABSTRACT
The influence of the photopolymerisation conditions during the formation of the blue phases (BPs) of
the polymer-stabilised liquid crystal is reported. The reactivemesogenmonomers (RMM) with various
concentrations were added to the highly chiral thermotropic liquid crystal, which initially possesses a
narrow temperature range of the existence of the BPs. The formation of the blue phases of the
polymer-stabilised cholesteric liquid crystals (BP PSCLCs), containing cross-linkingmonomers without
any photoinitiators, during their photopolymerisation in various phases (isotropic, BPs and cholesteric
phase (Ch)), was independently studied in a relatively recent manuscript, published by H-Y Chen, et.
al. Liq. Cryst., 2016. doi:10.1080/02678292.2016.1173244. In the present studies, the concentration
dependencies of the RMM and the influence of the exposure time during the photopolymerisation
process on the broadening of the temperature range and spectral features of the BPs were examined.
Under certain experimental conditions, a maximal broadening of the temperature range of the
existence of the BPs after the photopolymerisation process of cross-linking monomers carried out
in the isotropic phase (Iso) not in the BP or the Ch was found.
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Introduction

It is known that for certain cholesteric liquid crystals
(CLCs) with a helix pitch P < 5000 Å [1,2] the transi-
tion in a narrow temperature range between the cho-
lesteric phase (Ch) and isotropic phase (Iso) can
sometimes occur through a series of additional transi-
tions of the self-assembled three-dimensional photonic
crystal structures, well known as three thermodynami-
cally stable ‘blue phases’ (BP-III, BP-II and BP-I). [3–
10] Structures of BPs can be described as ‘double twist’
cylinders, where the director twists simultaneously in
two independent directions, filling up large volumes of
the three-dimensional space. Between the ‘double twist’
cylinders, there are line defects (disclinations), forming
a cubic lattice. A local cubic lattice structure in the
director field is observed for amorphous BP-III or the
so-called fog BP, while BP-II and BP-I have a fluid
three-dimensional periodic structure with the simple
cubic and body-centred cubic symmetry, respectively.
[7–12] It is an established fact that the periods of
lattices of BP-II and BP-I are comparatively of the
order of the visible wavelength region and due to this,
the selective Bragg diffraction is observed. It is also
known that BPs are optically active but, unlike Ch,
they are optically isotropic and are not birefringent.
[1,7–10,13–15]

The fact that the BPs of pure CLCs have the thermal
stability in a very narrow temperature range (usually it
is few degrees Celsius [8,9,13–15]) significantly limits
their practical applications such as displays, optical
filters, 3D lasers, etc. There are different methods to
extend the temperature range ΔTBP of BPs, based on
the fabrication of new materials containing CLCs and
polymers (the so-called blue phase of polymer-stabi-
lised cholesteric liquid, crystals (BP PSCLCs) [16–20]);
the synthesis of new molecules and liquid crystalline
compounds [21–25] or the creation of BP polymer-
templated nematic (BPTN) [26,27] lead to the increas-
ing interest in their different applications: solution of
the storage problems, [17–19] existence of BPs at room
temperature [16,21,26–28] and essential extending of
BPs thermal range. [21–24,27–37] It was also shown
that guest components, namely polymers [16,26–32] or
colloidal particles, [35,36,38] could form specific net-
works in BPs, by filling defect regions with high energy.
[29] These networks can stabilise disclinations in a
three-dimensional cubic lattice and reduce the free
energy of BPs, owing to this fact, the temperature
range (ΔTBP) of the phase can extend. [39–42] The
usage of BP PSCLCs is promising for photonics,
including 3D lasers, [20,43–45] tunable gratings, [46]
and displays. [33,47–51]

As can be seen from [16–20,26–33] usually BP
PSCLCs are forming in a bulk of liquid crystals (LCs)
by in situ photopolymerisation of the reactive mesogen
monomers (RMM) along the disclinations in BPs.
Recently it was shown that the optical and electro-
optical behaviours of the optically isotropic chiral
liquid crystalline composites, containing high concen-
trations of various monomers, could depend on tem-
perature of the composite [51] or phase, wherein
composites prepared by in situ photopolymerisation
of cross-linking RMMs (notably in Iso or BPs).
[42,52] Recently, the influence of various conditions
of UV irradiation (e.g. wavelength, intensity, exposure
time tirr and temperature during polymerisation Tirr),
composition of PSCLCs, concentration ratio of photo-
initiators and RMM on electro-optical properties of BP
PSCLCs and the extension of the temperature range
ΔTBP of BPs was studied in [31,42,52–57]. It was also
shown that the electro-optical features (changes of the
birefringence, chiral pitch and the Kerr constant), for-
mation of the lattice BP (i.e. heterogeneous lattice gen-
eration or homogeneous lattice growth) and polymer
stabilisation of BP PSCLCs (with only BP-I), contain-
ing high concentrations of various monomers, could
sufficiently depend on different cooling rates and cri-
tical temperature in the phase transition of BP-I
PSCLCs and BP-III PSCLCs. [42,56] However, until
recently the comparison studies of the influence of
photopolymerisation conditions of RMM (e.g. the tem-
perature regime Tirr and exposure time tirr) for all
phases of CLC (i.e. Iso, BPs and Ch) on the broadening
of BPs temperature range almost have not been
reported. But it should be noted that the influence of
the different photopolymerisation process (in Iso, BPs
and Ch) under the formation of the polymer networks
on the substrate by means of studies of their morphol-
ogy with the aim to increase the thermal stability of
BPs was recently reported in [58].

In this manuscript, the method of the extension of
the temperature range of BPs will be experimentally
demonstrated on a model based on a pure CLC, initi-
ally having a narrow ΔTBP of BPs, with adding various
concentrations of RMM without any photoinitiators,
which are traditionally used in practice for the prepara-
tion of typical PSCLCs. Here, photopolymerisation of
the composites, carried out in different phases (i.e. Iso,
BPs and Ch), was studied independently with respect
to the recently described analogous investigations in
[58]. The obtained experimental results are in a good
agreement with recent reports [42,53–58] and clearly
show the importance of taking into consideration the
photopolymerisation conditions of RMM (i.e. tempera-
ture regime Tirr during of photopolymerisation process,
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exposure time tirr at the formation of polymer network
during UV exposure) to extend or control value of the
temperature range ΔTBP of BP PSCLCs.

Experiment

At the beginning, a pure highly chiral thermotropic
liquid crystal was prepared. The non-mesogen right-
handed chiral dopant (ChD) ZLI-3786 (R-811),
obtained by Licrystal (Merck, Darmstadt, Germany),
was used to prepare the pure CLC. ChD R-811 was
dissolved at concentration C = 30 wt.% in the thermo-
tropic nematic host MLC-6012 (E. Merck Ltd,
Darmstadt, Germany). The clear temperature of the
nematic MLC-6012 is Tc = 86°C.

To study the influence of the photopolymerisation
conditions on the extension of ΔTBP of BPs, the cross-
linker reactive mesogen monomers RMM-141 (Merck,
Darmstadt, Germany) in various doping concentra-
tions (CRMM = 3, 6, 10 and 13 wt.%) was dissolved in
the pure CLC. These mixtures were filled into LC cells
in Iso at temperature T = 56°C.

LC cells were made from two glass substrates cov-
ered with polyimide films for the strongly planar align-
ment. As was described early in [59], to obtain the
planar alignment of the pure CLC, the solution of
polymer oxidianiline-polyimide (ODAPI, Kapton
synthesised by I. Gerus, Institute of Bio-organic
Chemistry and Petrochemistry, NAS of Ukraine) was
spin-coated on glass substrates and further annealed at
temperature 240°C. Thereafter, substrates with thin
films were unidirectionally rubbed. Thicknesses of the
gap of LC cells were set to d = 25.4 ± 0.5 µm by Mylar
spacer and measured by the interference method using
the transmission spectra of empty cells.

To obtain PSCLC cross-linked polymer networks,
illumination of the LC cells containing composite
with certain CRMM was carried out by UV lamp with
the maximum wavelength λ = 365 nm. The power of
the UV radiation λ = 365 nm was 6 W.

In order to study the influence of the photopolymer-
isation conditions on the broadening of ΔTBP of BPs,
the illumination of LC samples was carried out under
various phases of mixture, namely in Iso at Tirr = 56°C,
BPs at Tirr = 49°C and Ch at Tirr = 24°C.

The thermal phase diagrams of the pure CLC and
the composites, containing various CRMM, were studied
during the cooling process of LC cells by using polaris-
ing microscopy. The LC textures were viewed through
a polarising microscope BioLar (PZO, Warszawa,
Poland) equipped with a digital camera Nikon D80
(Japan). The LC cells were placed in a thermostable
heater, based on a temperature regulator MikRa 603

(LLD ‘MikRa’, Kyiv, Ukraine), and the accuracy of the
temperature measurement was ±0.1°C. The speed of
the temperature change was 0.01°C/min (0.1°C per
10 min).

In case of BP PSCLCs, when supercooled BP-I was
observed, the LC cell additionally had undergone a
100 g-weight pressure with a value about ~3300 N/
m2. This procedure is necessary to check the correct-
ness of determination of the temperature range ΔTBP of
BPs by using a polarising microscope. In the case,
where no BP→Ch transition is observed, the tempera-
ture slowly decreased again.

To record the transmission spectra of different
phases (Iso, BPs and Ch) at a constant temperature,
UV-VIS spectrophotometer (made at the Institute of
Physics, Ukraine) was used. Spectra were recorded as a
function of wavelength over a range of 400–700 nm,
during slow cooling with rates 0.01°C/min, starting
from Iso just above Tc (T = 56°C) and finishing to
Ch (T = 24°C) with the selective reflection in the visible
region.

Results and discussion

3.1. BPs of the pure CLC

At the beginning, to demonstrate the influence of the
photopolymerisation conditions on the extension of
ΔTBP of BPs, the pure CLC, consisting of 30 wt.%
right-handed ChD R-811 and 70 wt.% nematic liquid
crystal MLC-6012, and possessing BPs within a narrow
temperature range ΔTBP, was chosen. It is found that
the pure CLC had a clear temperature TC ~ 53°C, and
during the cooling process of Iso, BPs existed within
the temperature range ΔTBP ~ 3.5°C, as schematically
shown in Figure 1(a). Sequence phase transitions of the
pure CLC are Iso 52°C BPs 48.5°C Ch. In addition, a
small hysteresis during the heating of Ch (ΔTBP ~ 2.8°
C) is observed.

The textures of the typical phase transitions during
the cooling of the sample from Iso to Ch with a slow
cooling ratio 0.01°C/min are shown in Figure 1(b). The
sequence changes of the transmission spectrum, when
one phase changes into another for the pure CLC, are
shown in Figure 2. For Iso at temperature T = 53°C
(Figure 1(i)) the transmission spectrum 1 is a horizon-
tal line as shown in Figure 2(a). The transmittance
value of Iso is ~95–98%. At temperature T = 52°C,
BP-III (fog BP) with ‘island’ texture is appeared
(Figure 1(ii)). The transmission of the sample
(Figure 2(a), spectrum 2) is very weak in the broad
wavelength range 400–580 nm and fits the spectrum of
the fog BP. [5,59] The decrease in sample temperature
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to T = 51.7°C leads to BP-III→BP-II transition with the
appearance of the ‘parquet’ texture with the reflected
uniform blue colour that covers the whole area of the
cell (Figure 1(iii)).

As can be seen from Figure 1(iv), the ‘parquet’
texture with the reflected uniform green colour of
BP-II at temperature T = 51.4°C is appeared. While
cooling BP-II to T = 51.4°C, the reflected colour which
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Figure 2. (Colour online) Transmission spectra of the pure CLC formed with 30 wt.% of R-811 added to the nematic host MLC-6012
at various values of the sample temperature: (a) Iso at 53°C (spectrum 1) and BP-III at 52°C (spectrum 2); (b) BP-II: at T = 51.7°C
(spectrum 3) and at T = 51.4°C (spectrum 4 and 5); and (c) BP-I at 50.2°C (spectrum 6) and the focal conic texture of Ch at 48.5°C
(spectrum 7). Thickness of the LC cell was 25.4 ± 0.5 µm. The cooling rate of the sample was 0.01°C/min.

(i) Iso (T = 53°C) (ii) BP-III (T = 52°C) (iii) BP-II (T = 51.7°C)

(iv) BP-II (T = 51.4°C)

25 μm

25 μm 25 μm 25 μm

25 μm 25 μm

(v) BP-I (T = 50.2°C) (vi) Ch (T = 48.5°C)

BPs Iso

Ch (focal conic) Iso
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T, °C52
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48
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50 51

(a)

(b)
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Figure 1. (Colour online) ‘Blue’ phases of the pure CLC, based on 30wt.% right-handed chiral dopant R-811, dissolved in the nematic host
MLC-6012. (a) Schematic diagrams of the sequence of phase transitions on heating and cooling of the pure CLC. (b) Microphotographs of
textures of sequential phase transitions between Iso and Ch on cooling of the pure CLC: (i) Iso at 53°C; (ii) ‘island’ texture of BP-III at 52°C;
‘parquet’ textures of BP-II - (iii) with the uniform blue colour at 51.7°C, (iv) with the uniform green/blue colour at 51.4°C; and (v) with the
uniform red colour at 50.2°C; and (vi) focal conic texture of Ch at 48.5°C. Thickness of the LC cell was 25.4 ± 0.5 µm. The cooling rate of the
LC sample was 0.01°C/min.
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changes from blue to green is observed with a polaris-
ing microscope and recorded with a spectrophot-
ometer, as shown in Figure 2 (b, spectrum 4). As can
be seen from Figure 2(b), transmission spectra 3–5
correspond to BP-II ‘parquet’ textures with the
reflected uniform blue, blue/green and green colour,
respectively. At a temperature of 50.2°C, the transition
between BP-II and BP-I is observed (Figure 1(v)). As
can be seen from Figure 2(c, spectrum 6), for the
cooled BP-I, the maximum of the Bragg reflection is
shifted into the red region of the visible spectrum.
When the cell temperature decreases to T = 48.5°C,
the focal conic texture of Ch is observed. The texture of
Ch and spectrum of the Bragg reflection are shown in
Figure 1 (vi) and Figure 2(c, spectrum 7), respectively.

3.2. BPs of the non-irradiated PSCLC

The characteristic features of BP of the composites
were initially studied without the photopolymerisa-
tion process. Here, in the sequel, the phase dia-
grams that can appear between BP-III and BP-II,
BP-II and BP-I will not be discussed. As it was early
studied in [30,31,39–41,52,57], here, in order to
investigate the influence of the guest component
(i.e. RMM without any photoinitiators) on the
extension of ΔTBP of BPs, various concentrations
of RMM (CRMM = 3, 6, 10 and 13 wt.%) were
added to the pure CLC, hereby by forming various
mixtures of the non-irradiated PSCLCs. The phase
diagrams during the cooling and heating processes
of non-irradiated composites, containing various
CRMM, are shown in Table 1.

As can be seen from diagrams in Table 1, during
the cooling of Iso of the non-irradiated composites
the temperature range ΔTBP of BPs were within a
range of ~3.5–3.8°C, while during the heating of Ch,
a small hysteresis was observed and ΔTBP was ~2.8–
2.9°C, which is the same as for the case of the pure
CLC (Figure 1(a)). These results lead to the conclu-
sion that the extension of ΔTBP of BPs slightly
depends on concentration CRMM of the non-irra-
diated PSCLCs. In addition, these results that are in

the temperature measurement accuracy, are identical
to results obtained in [29], when no diffractions of
X-ray were observed for BP with iodised monomers
without photopolymerisation.

It is also established that before UV irradiation of
the composites, ‘parquet’ textures are always
observed, as for the case of the pure CLC, shown
in Figure 1 (b, (iii)–(v)). For example, the typical
‘parquet’ texture, observed under BP-III→BP-II tran-
sition of the pure CLC doping by 6 wt.% RMM, is
shown in Figure 3.

In addition, spectral characteristics of BPs for the
non-irradiated composites with various CRMM (3, 6
and 13 wt.%), namely the full width at half minimum
of the transmission spectrum (i.e. FWHM or
ΔλFWHM) and positions of the maximum of the
wavelength of the selective Bragg reflection, are not
changed in comparison with the spectral character-
istics of BPs for the pure CLC. As can be seen from
Figure 4 (a), at temperature T = 51.6°C (BP-II, blue
colour of the ‘parquet’ texture), positions of the
minimum transmittance (λmin) are about
~457 ± 2 nm and FWHM is about ~10 ± 2 nm. At
temperature T = 51.3°C (BP-II, green colour of the
‘parquet’ texture), λmin ~ 542 ± 1 nm and ΔλFWHM

are in the range 10–17 nm, as can be seen in
Figure 4(b). In the case of BP-I with the red colour
of the ‘parquet’ texture (at T = 50°C), values of λmin

and ΔλFWHM are 597 ± 3 nm and 19 ± 1 nm, respec-
tively, as shown in Figure 4(c).

Table 1. The phase diagrams of non-irradiated PSCLCs, con-
taining various concentrations of monomers, during the cool-
ing and heating processes.

Concentration of RMM
(wt.%)

Transition temperatures (°C)

on cooling on heating

3 Iso 52 BPs 48.3 Ch Ch 49.2 BPs 52.1 Iso
6 Iso 51.9 BPs 48.3 Ch Ch 49.2 BPs 52 Iso
10 Iso 52 BPs 48.2 Ch Ch 49.1 BPs 51.9 Iso
13 Iso 51.9 BPs 48.4 Ch Ch 49.1 BPs 52 Iso

BP- III BP- II

50 μm

100 μm

Figure 3. (Colour online) Microphotograph of BP-III→BP-II tran-
sition at 51.6°C during the cooling process of the non-irradiated
PSCLC, containing 6 wt.% of RMM. The whole area of the LC
cell is covered with the ‘parquet’ texture of the uniform blue
colour. The inset depicts the ‘parquet’ texture in the enlarged
scale, by having a higher image contrast. The rate of the
temperature change was 0.01°C/min.
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3.3. BPs of the irradiated PSCLC

As mentioned below in [16–20,26–37,42,52–58], the
temperature range ΔTBP for stable BPs can be essen-
tially extended to several tens of the degree Celsium by
using in situ photopolymerisation of RMM in the bulk
of the highly chiral liquid crystal in BPs. In this section,
the influence of different photopolymerisation condi-
tions on temperature transitions, broadening of the
temperature range ΔTBP of BPs and spectral character-
istics of PSCLCs, containing various CRMM, will be
described.

Each time, prior to the photopolymerisation process,
the composites, based on the pure CLC with certain
CRMM, were cooled to constant temperature Tirr, con-
trolled by the thermostable heater. After this proce-
dure, the photopolymerisation process was carried out
with UV lamp (λmax = 365 nm) at the certain fixed
exposure time tirr. This irradiated mixture corresponds
to PSCLC with certain properties being studied here.

In Tables 2–4, the phase diagrams on cooling after
certain fixed time tirr of UV exposure of PSCLCs,
containing various CRMM, are shown, when the photo-
polymerisation process was carried out in different
phases of the composites, namely in Iso (at Tirr = 56°
C), BP (at Tirr = 49°C) and Ch (at Tirr = 24°C),
respectively. By comparing the phase diagrams on
cooling of the non-irradiated mixtures (Table 1) and
the irradiated composites (in this case, PSCLCs) in
different phases (Tables 2–4), following conclusions
can be made. The temperature of Iso→BPs transition
depends on the phase of photopolymerisation. As can
be seen from Tables 2–4, the decrease in the photo-
polymerisation temperature (Tirr) leads to the decrease
in the temperature of Iso→BPs transition that are in a
good agreement with [42]. For example, in case of
CRMM = 10 wt.% and tirr = 300 s, after the photopoly-
merisation process was carried out in: Iso (at 56°C,
Table 2), BP (at 49°C, Table 3) and Ch (at 24°C,
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Figure 4. (Colour online) Transmission spectra of the pure CLC (solid squares), based on 30 wt.% of R-811 and 70 wt.% nematic
MLC-6012 and non-irradiated PSCLCs, containing various concentrations of reactive mesogen monomers CRMM: 3 wt.% (open
triangles), 6 wt.% (open circles) and 13 wt.% (open squares) for: (a) BP-II: at T = 51.6°C (blue colour the ‘parquet’ texture,
λmin ~ 457 ± 2 nm and ΔλFWHM ~ 10 ± 2 nm), (b) BP-II: at T = 51.3°C (green colour the ‘parquet’ texture, λmin ~ 542 ± 1 nm and
ΔλFWHM ~ 10–17 nm) and (c) BP-I at 50°C (red colour the ‘parquet’ texture, λmin ~ 597 ± 3 nm and ΔλFWHM ~ 19 ± 1 nm).
Thicknesses of LC cells were 25.4 ± 0.5 µm. The cooling rate of samples was 0.01°C/min.

Table 2. The phase diagrams during the cooling process of PSCLCs, containing various concentrations of RMM, after UV
irradiation at fixed exposure times (tirr = 30, 180, 300 and 900 s) in Iso (at Tirr = 56°C).

Concentration of RMM (wt.%)

Transition temperatures (°C)

30 s 180 s 300 s 900 s

3 Iso 52.2 BPs 46.7 Ch Iso 52.4 BPs 42.5 Ch Iso 52.4 BPs 42.2 Ch Iso 52.6 BPs 41.6 Ch
6 Iso 52.4 BPs 46.9 Ch Iso 52.3 BPs 39.4 Ch Iso 52.7 BPs 38.6 Ch Iso 52.8 BPs 36.1 Ch
10 Iso 52.5 BPs 42.3 Ch Iso 52.7 BPs 37.1 Ch Iso 52.9 BPs 33.5 Ch Iso 52.9 BPs 32.7 Ch
13 Iso 52.7 BPs 40.8 Ch Iso 52.8 BPs 31.9 Ch Iso 53 BPs 29.9 Ch Iso 52.9 BPs 28.8 Ch

Table 3. The phase diagrams during the cooling process of PSCLCs, containing various concentrations of RMM, after UV
irradiation at fixed exposure times (tirr = 30, 180, 300 and 900 s) in BPs (at Tirr = 49°C).

Concentration of RMM (wt.%)

Transition temperatures (°C)

30 s 180 s 300 s 900 s

3 Iso 51.6 BPs 47.5 Ch Iso 51.7 BPs 44.1 Ch Iso 51.9 BPs 44.2 Ch Iso 52.2 BPs 41.8 Ch
6 Iso 51.9 BPs 46 Ch Iso 52.1 BPs 42 Ch Iso 52.2 BPs 40.6 Ch Iso 52.4 BPs 38.3 Ch
10 Iso 52.3 BPs 44.5 Ch Iso 52.5 BPs 39.4 Ch Iso 52.5 BPs 38 Ch Iso 52.7 BPs 35.4 Ch
13 Iso 52.5 BPs 42.4 Ch Iso 52.7 BPs 36.5 Ch Iso 52.7 BPs 34.5 Ch Iso 52.9 BPs 31.3 Ch
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Table 4) temperature of Iso→BPs transition were 52.9°
C, 52.5°C and 51.9°C, respectively. In addition, as can
be seen from Tables 2–4, for the irradiated mixtures
with certain CRMM and Tirr (or phase), temperature of
Iso→BPs transition insignificantly increases with the
increase in the exposure time tirr. The maximal shifts of
temperature of Iso→BPs transition were observed
when the photopolymerisation process was carried
out in Iso (for CRMM = 13 wt.% at tirr = 300–900 s).
In addition, as can be seen from Tables 2–4, after UV
exposure of the composites in different phases, the
decrease in the temperature of BPs→Ch transition
and, hereupon, the broadening of the temperature
range ΔTBP of BPs is observed. These conclusions are
in a certain agreement with [58].

In contrast to [42,56], where the authors determined
critical temperature of the mixtures with high concen-
tration of monomers and photoinitiators, here, because
of the fact that the studied composites contain only
certain concentrations of RMM without any photoini-
tiators, critical temperature has not been defined
unfortunately.

The influence of UV exposure on the ΔTBP of BPs
for PSCLCs with various amounts of RMM (CRMM = 3,
6 and 13 wt.%) is shown in Figure 5 (a), (b) and (c),
respectively. During UV exposure of mixtures at con-
stant temperatures in various phases (Iso at Tirr = 56°C,
BP at Tirr = 49°C and Ch at Tirr = 24°C), the different
extensions of ΔTBP of BPs were observed. It is noted

that when the photopolymerisation process of the com-
posites was carried out in Iso (at 56°C, triangle sym-
bols) and Ch (at 24°C, circle symbols), maximal and
minimal values of ΔTBP of BPs were found, respec-
tively. The surprising thing is that independently of
RMM concentration, the extension of the temperature
range ΔTBP of BPs is observed after the photopolymer-
isation process carried out in Iso (Table 2 and
Figure 5). It is obvious that different conditions of the
photopolymerisation process to form the polymer net-
works will be mapped one-to-one onto their textures
[58] and especially onto spectral characteristics of sam-
ples, as recently it was studied in [29], by investigating
in situ photopolimerisation of cross-linking monomers
in Iso and BPs of CLC, based on nematic 5CB (or the
nematic mixture JC1041-XX) and ChD ZLI-4572, with
high concentrations of RMM-257 and trimethylolpro-
pane triacrylate (TMPTA).

It is obvious that the photopolymerisation process of
RMM in Iso (without defects or disclinations) leads to
the random formation of polymer networks in the
depth of the LC cell through its entire thickness,
owing to the isotropic (equivalent) growth of polymers
in various directions, forming bead-like chains with a
size of pores about 300 nm and less, as was recently
shown in [58]. As can be seen from Figure 5 and
Table 2, for these polymer networks, ΔTBP of BPs is
maximal for all concentrations of RMM. When the
photopolymerisation process of PSCLCs was carried

Table 4. The phase diagrams during the cooling process of PSCLCs, containing various concentrations of RMM, after UV
irradiation at fixed exposure times (tirr = 30, 180, 300 and 900 s) in Ch (at Tirr = 24°C).

Concentration of RMM (wt.%)

Transition temperatures (°C)

30 s 180 s 300 s 900 s

3 Iso 50.8 BPs 47.2 Ch Iso 51.1 BPs 47.1 Ch Iso 51.3 BPs 46.8 Ch Iso 51.4 BPs 45.9 Ch
6 Iso 51.2 BPs 47.2 Ch Iso 51.4 BPs 46 Ch Iso 51.4 BPs 45.7 Ch Iso 51.6 BPs 45.8 Ch
10 Iso 51.6 BPs 46.1 Ch Iso 51.6 BPs 44.8 Ch Iso 51.9 BPs 43.4 Ch Iso 51.9 BPs 42.5 Ch
13 Iso 51.9 BPs 44.5 Ch Iso 52.1 BPs 45.5 Ch Iso 52.3 BPs 42.9 Ch Iso 52.6 BPs 38.8 Ch
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Figure 5. (Colour online) Dependence of the temperature range ΔTBP of BPs for PSCLCs, based on the pure CLC doped by RMM with
various concentrations CRMM: (a) 3 wt.%, (b) 6 wt.% and (c) 13 wt.%, on the exposure time tirr at constant temperatures in different
phases: Iso at Tirr = 56°C (solid triangles), BP at Tirr = 49°C (solid squares) and Ch at Tirr = 24°C (solid circles). The pure CLC (open
squares), based on a right-handed ChD R-811, dissolved in the nematic host MLC-6012.
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out in BPs (at 49°C, square solid symbols), a value of
ΔTBP of BPs is between values, obtained in Iso and Ch,
as can be seen from Figure 5 and Table 3. As it is early
described that before in situ the photopolymerisation
process, RMM are situated randomly in BPs, while
during photopolymerisation in BPs, the growing poly-
mers drifted, segregated and the polymer cross-linking
reaction occurs along disclination lines in three-dimen-
sional directions by forming the polymer cubic net-
work, [26,27] and the small-angle X-ray scattering
(diffraction) was obtained, contrary to photopolymer-
isation in Iso and Ch, where no diffraction of X-ray
was observed. [29]

In the case of photopolymerisation in Ch (at 24°C,
circle symbols), the polymer network is forming along
the director of quasinematic layers and along random
disclinations in the highly chiral nematic. As it was
described in [29], in both cases, molecules of RMM
can drift to defects and grow along disclination lines.
In this case, the polymer network is formed from dis-
clinations embedded in between double twist cylinders,
and this network has a cubic symmetry, [39–41] when
PSCLCs were cooling to BPs. According to [58], when
the photopolymerisation process has been carried out
in Ch, the morphology of the polymer network is
similar to ‘pine needles’ without closed pores that
obviously leads to decrease in value of the temperature
range ΔTBP of BPs to zero. It was experimentally found
that the polymer network in Ch leads to the extension
of ΔTBP of BPs in comparison with ΔTBP range for the
pure CLC, as it was predicted in [39–41]. However, the
value of ΔTBP is minimal, against the photopolymerisa-
tion process, carried out in Iso or BPs, as can be seen
from Figure 5 and Table 4.

In addition, during photopolymerisation of RMM in
different phases, the increase in exposure time tirr also
leads to the increase in the amount of cross-linking
monomers through a depth of the LC cell (Figure 5),
that is analogous to the investigation of the influence of
the UV irradiation conditions (irradiation wavelength,
intensity and exposure time) on hysteresis of voltage-
dependent transmittance characteristics of BP PSCLCs,
containing low concentrations monomers without any
photoinitiators. [53] Obviously, owing to the fact that
the prolonged UV exposure time tirr of the composites
leads to the decrease in a diameter of the pores, formed
from polymer chains, as was shown in [58], the exten-
sion of the temperature range of ΔTBP of BPs was
observed, as shown in Figure 5 and Tables 2–4.

In addition, the increase in concentration of RMM
in composites gives rise to the extension of ΔTBP of
BPs as can be seen from Figures 5 and 6. It is in a
good agreement with results founded in [31], under

the study of the influence of the polystyrene concen-
tration for various molecular weights on the BP tem-
perature ranges. Concentration dependencies of the
temperature range of BPs after photopolymerisation
of the composites at the fixed exposure time (e.g.
tirr = 300 s) are shown in Figure 6. As can be seen
from linear dependencies, the increase in CRMM

results in the broadening of ΔTBP. It can be explained
on the basis of investigations reported in [55,58],
where it is shown that during the cross-linking pro-
cess monomers interconnect, increasing the chain
length with further reducing of chain mobility in
the polymer network that is important for the broad-
ening of the temperature range.

Let us compare textures of PSCLCs formed at
Tirr = 56°C, 49°C and 24°C, as shown in Figure 7 (at
T = 53°C), Figure 8 (at T = 49°C) and Figure 9 (at
T = 24°C), respectively. In Figures 7–9 each texture
differs in both concentration of RMM or the photo-
polymerisation conditions (i.e. temperature Tirr and
exposure time tirr) during the cross-linking process of
monomers. For instance, polymer networks were
formed under UV irradiation of composite in different
phases (i.e. in Iso at Tirr = 56°C, BP at Tirr = 49°C and
Ch at Tirr = 24°C). In addition, polymer networks were
formed for the composite containing certain concen-
tration of RMM (CRMM = 3, 6 and 13 wt.%). To
compare the non-irradiated composite and irradiated
textures of PSCLC, photographs for fixed exposition
times tirr = 0 and 180 s are shown in Figures 7–9.

Textures of PSCLCs at 53°C, containing various
CRMM, after UV exposure in different phases (Iso, BP
and Ch) are shown in Figure 7. Contrary to the non-
irradiated Iso (Figure 7 (a), (e) and (i)), a typical
‘granular’ texture appears after UV exposure, as can
be seen from Figure 7 (b)–(d), (f)–(h) and (j)–(l). It is
seen that an increase in CRMM leads to decrease in the
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Figure 6. (Colour online) The concentration dependence of the
extension of ΔTBP of BPs of PSCLCs after the photopolymerisa-
tion process of RMM, carried out at the fixed exposure time
tirr = 300 s, in: Iso at 56°C (solid triangles), BP at 49°C (solid
squares) and Ch at 24°C (solid circles).

1820 I. GVOZDOVSKYY



size of the ‘grain’. However, after UV exposure, carried
out only in Ch (at 24°C), in the case of higher con-
centration of RMM (CRMM = 13 wt.%), ‘granular’ tex-
tures together with defects formed in places of oily
streak defects owing to the drift and segregation of
the monomers, according to [40], are observed
(Figure 7 (l)).

Figure 8 shows some typical textures of PSCLCs at
temperature T = 49°C, when the photopolymerisation
process was carried out in different phases (i.e. in Iso at
56°C, BP at 49°C and Ch at 24°C) of the composites
containing various CRMM (3, 6 and 13 wt.%). It is worth
mentioning that as in case of the pure CLC, the non-
irradiated mixtures, containing various CRMM, are
structured so that the red colour ‘parquet’ texture of
BP-I (at 49°C) is observed (Figure 8 (a), (e) and (i)).
After UV exposures, carried out in different phases, the
‘platelet’ textures of BP-II of PSCLC, containing only
3 wt.% of RMM, are observed (Figure 8 (b), (c)
and (d)).

In the case of higher CRMM (i.e. for 6 and 13 wt.%),
the monodomain texture of PSCLCs with the uniform
colour against the background of the ‘granular’ texture
is observed (Figure 8 (f)–(h) and (j)–(l)). But once the
photopolymerisation process was carried out in Ch (at
24°C), additionally to the above described texture, the
appearance of the defects, formed in places of oily
streak defects, was also observed (Figure 8 (h) and (l)).

Textures of PSCLCs at 24°C, containing various
CRMM, before and after UV exposure in different
phases (i.e. in Iso at Tirr = 56°C, BP at Tirr = 49°C
and Ch at Tirr = 24°C) are shown in Figure 9. Before
UV exposure of the composites, the typical planar
texture together with oily streak defects, which are
inherent in highly chiral thermotropic LCs, is shown
in Figure 9 (a), (e) and (j).

As can be seen from Figure 9, once the photopoly-
merisation processes were carried in different phases,
textures of PSCLCs at 24 °C, containing various CRMM,
are diverge considerably. In case of low concentration
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o
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o
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o
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defects
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Figure 7. (Colour online) Photographs of textures at T = 53°C for PSCLCs, containing various concentrations of RMM-141: (a)–(d) for
CRMM = 3 wt.%, (e)–(h) for CRMM = 6 wt.% and (i)–(l) for CRMM = 13 wt.%. Photographs (a), (e) and (i) – non-irradiated textures of Iso
at T = 53°C for PSCLCs, containing various concentrations of RMM. The ‘granular’ textures of PSCLCs (at T = 53°C), when polymer
networks were formed during UV exposure in: Iso at 56°C – (b), (f) and (j); BP at 49°C – (c), (g) and (k); and Ch at 24°C – (d), (h) and
(l). UV irradiation was carried out at λmax = 365 nm and exposure time tirr = 180 s. Arrows show defects formed in places of oily
streak defects after the photopolymerisation process in Ch (Tirr = 24°C).
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of RMM (CRMM = 3 wt.%), the typical focal conic
texture was observed, when the photopolymerisation
process of the composite was carried out in Iso at 56°C
and BP at 49°C. But, once UV exposure was carried out
in Ch of the mixtures, containing various CRMM, the
‘granular’ texture together with oily streak defects was
observed (Figure 9 (d), (h) and (l)). Further, once the
photopolymerisation processes of the composites, con-
taining higher CRMM (i.e. 6 and 13 wt.%), were carried
out in Iso or BP, the uniformly distributed ‘granular’
textures of PSCLCs at 24°C were observed (Figure 9 (f),
(g), (j) and (k)).

From the textures, observed in Figures 7–9, it may
be concluded that during photopolymerisation of the
composites in Iso (at Tirr = 56°C), uniform textures of
PSCLCs at 53°C, 49°C and 24°C were observed for
various CRMM. It can be assumed that the performance
of photopolymerisation in Iso leads to the production
of the random cross linking of monomers followed by
the formation of polymer networks in medium without

defects and disclination lines. Due to this fact, as can be
seen from Figure 5 (solid triangles), for PSCLCs, con-
taining various CRMM, the extension of ΔTBP of BPs is
maximal and increases with the rise of RMM concen-
tration. In accordance with [29,39–41], it can assumed
that during photopolymerisation of the composites in
BP (at Tirr = 49°C), polymer cubic networks are formed
in three-dimensional directions due to the cross-link-
ing reaction that occurs along disclination lines, which
are intrinsic in BPs. As can be seen from Figure 5 (solid
squares), the extension of ΔTBP of BPs, observed with
the increasing CRMM, is less than in Iso (medium with-
out defects and disclination lines). As was found
experimentally, the formation of polymer networks
during UV exposure of Ch of the composites leads to
the increase in the temperature range in comparison
with the pure CLC, as shown in Figure 5 (solid circles
and open squares, respectively). However, in this case,
lower values of the extension of ΔTBP of BPs are
observed in comparison with photopolymerisation
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Figure 8. (Colour online) Photographs of textures at T = 49°C for PSCLCs, containing various concentrations of RMM-141: (a)–(d) for
CRMM = 3 wt.%, (e)–(h) for CRMM = 6 wt.% and (i)–(l) for CRMM = 13 wt.%. Photographs (a), (e) and (i) – non-irradiated BPs of PSCLCs,
containing various concentrations of RMM. Textures after UV irradiation of PSCLCs, when polymer networks were formed during UV
exposure in: Iso at 56°C for (b), (f) and (j); BP at 49°C for (c), (g) and (k); and Ch at 24°C for (d), (h) and (l). UV irradiation was carried
out at λmax = 365 nm and the exposure time tirr = 180 s. Arrows show defects formed in places of oily streak defects after the
photopolymerisation process in Ch (Tirr = 24°C).
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processes carried out in Iso and BP medium. It is
obviously that the formation of stable chiral polymer
networks (e.g. like ‘pine needles’, as shown in [58])
together with stable defects (e.g. stable oily streaks
owing to the drift and segregation of monomers [41])
during UV exposure is a main reason for lower values
of ΔTBP of BPs, which are observed after photopoly-
merisation in Ch of the mixtures containing various
CRMM.

Obviously from Figures 7–9, it may be concluded
that for PSCLCs, containing various CRMM, the appear-
ance of ‘granular’ textures, the change of the ‘grain’ size
of the texture and the observation of different defects
after UV exposure at constant temperature in different
phases (or in other words during the photopolymerisa-
tion process) can cause the change of optical character-
istics (in particular, spectral features) of BPs.

Below, qualitative analysis of the transmission spec-
tra of BPs for PSCLCs with various CRMM will be made,
when the photopolymerisation processes were carried
out in different phases (i.e. in Iso at 56°C, BP at 49°C

and Ch at 24°C). In Figures 10–12 are shown some
transmission spectra of BPs of PSCLCs at fixed UV
exposure times (i.e. tirr = 30, 180 and 900 s).

Once UV exposure of the composites was carried
out in different phases (Iso, BP and Ch) and PSCLCs
was further cooled to the appearance of BPs, typical
textures (by having analogy with Figure 8) of BPs, were
observed. Transmission spectra of BPs of PSCLCs,
formed in Iso, BP and Ch within the temperature
range of the existence of BPs are shown in Figures
10–12, respectively.

As can be seen from Figures 10–12, the increase
both in concentration of RMM and UV exposure
time, during the photopolymerisation processes of
PSCLCs in Iso, BP or Ch result in changes of the
spectral characteristics of BPs of PSCLCs. It is noted
that the increase in the concentration of RMM in the
pure CLC also leads to the decrease in the transmit-
tance of the sample and the broadening of transmission
spectra ΔλFWHM, as can be seen from Figures 10–12
(a), (d) and (g) and Figures 10–12 (d), (e) and (f),
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Figure 9. (Colour online) Photographs of textures at T = 24°C for PSCLCs, containing various concentrations of RMM-141: (a)–(d) for
CRMM = 3 wt.%, (e)–(h) for CRMM = 6 wt.% and (i)–(l) for CRMM = 13 wt.%. Photographs (a), (e) and (i) – non-irradiated BPs of PSCLCs,
containing various concentrations of RMM. Textures after UV irradiation of PSCLCs, when polymer networks were formed during UV
exposure in: Iso at 56°C for (b), (f) and (j); BP at 49°C for (c), (g) and (k); and Ch at 24°C for (d), (h) and (l). UV irradiation was carried
out at λmax = 365 nm and the exposure time tirr = 180 s. Arrows show oily streak defects.
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respectively. It can be assumed that the broadening of
transmission spectra is related to the appearance of the
‘granular’ texture (or ‘granular’ textures together with
defects) (Figure 7), observed after UV exposure, and
also depends on the exposure time tirr. In addition, the
increase in CRMM and duration of the exposure time tirr
give rise to the shift of the minimum of wavelength of
the transmission spectrum λmin (or wavelength of max-
imum of Bragg reflection λmax), as can be seen from
Figure 10, Figure 11 and Figure 12, by comparing
spectra in columns (e.g. column (a)–(c) with column
(d)–(f) or (g)–(i)) and rows (e.g. row (a), (d), (g) with
row (b), (e), (h) or (c), (f), (i)), respectively.

For a rough comparison, let consider spectrum 4
depicted in Figures 10–12, as an example of the change
of the position λmin of transmittance and ΔλFWHM for
various CRMM and duration of the exposure time tirr,
when the photopolymerisation process was carried out

in different phases, in relation to these features of BPs
of the pure CLC or non-irradiated composites, pre-
sented above in Figure 4. In the case of spectrum 4
from Figures 10–12, dependencies of maximal values of
the shift of λmin and ΔλFWHM as functions of the
exposure time tirr are shown in Figures 13 and 14,
respectively.

As can be seen from Figure 13, for the pure CLC
(depicted by number 1 with solid spheres) during UV
exposure, no shift is observed, while for UV irradiated
PSCLCs, the shifts of λmin are observed both for var-
ious CRMM (depicted by numbers 2–4 with open sym-
bols) and for the photopolymerisation processes
carried out in different phases, namely, in Iso at
Tirr = 56°C (a), BP at Tirr = 49°C (b) and Ch at
Tirr = 24°C (c). In addition, it is seen that the increase
in CRMM results in the increase in the value of shift of
λmin (Figure 13).
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Figure 11. (Colour online) Transmission spectra of BPs of PSCLCs, formed with pure CLC doped by various concentrations of RMM
CRMM: (a)–(c) – 3 wt.%; (d)–(f) – 6 wt.% and (g)–(i) – 13 wt.% after UV exposure in BP at Tirr = 49°C over the course of tirr: (a), (d) and
(g) – 30 s; (b), (e) and (h) – 180 s; (c), (f) and (i) – 900 s and various values of the sample temperature T: Iso (spectrum 1) at 53°C –
(a)–(i); BP-III (spectrum 2) at 51.4°C – (a), at 51.8 – (d) and at 52.2°C – (g); BP-II (spectrum 3) at 50.8°C – (a) and (b); BP-II (spectrum
4) at 48.5°C – (a), (b) and (d) at 46°C – (e), (g) and (h) and at 40.5°C – (c), (f) and (i); BP-I (spectrum 5) at 48°C – (a) and (d), at 45.5°C
– (c), (e), (g) and (h) and at 38.5°C – (f) and (i). Thicknesses of the LC cells were 25.4 ± 0.5 µm. The cooling rate of the sample was
0.01°C/min.
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As can be seen from Figure 14, the broadening of
ΔλFWHM depends on CRMM (depicted by numbers with
solid symbols) and exposure time tirr. In addition, the
broadening of ΔλFWHM, when the photopolymerisation

process of the composites was carried out in Iso at
Tirr = 56°C, BP at Tirr = 49°C and Ch at Tirr = 24°C,
is shown in Figure 14 (a), (b) and (c), respectively. It is
seen that in contrary to the non-irradiated mixtures
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Figure 12. (Colour online) Transmission spectra of BPs of PSCLCs, formed with the pure CLC doped by various concentrations of
RMM CRMM: (a)–(c) – 3 wt.%; (d)–(f) – 6 wt.% and (g)–(i) – 13 wt.% after UV exposure in Ch at Tirr = 24°C over the course of tirr: (a),
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dissolved in nematic MLC-6012. The cooling rate of the sample was 0.01°C/min.
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(Figure 4), for the irradiated composites the increase in
value of ΔλFWHM is observed under all conditions of
photopolymerisation (phase or so-called Tirr and the
exposure time tirr) (Figure 14). The minimal broad-
ening of ΔλFWHM (~15–25 nm) was observed in the
case of CRMM = 3 and 6 wt.% under all conditions of
photopolymerisation (Figure 14 (a), (b) and (c), curves
1 and 2). However, when CRMM is 13 wt.%, maximum
values of ΔλFWHM (~30–140 nm) are observed after UV
exposure of composites in all phases, as can be seen
from curves 3 of Figure 14 (a), (b) and (c). It is in a
good agreement with the conclusion in [52], when the
polymer network, formed in Iso, possesses weak spec-
tral characteristics (i.e. no reflection peaks) of BPs of
PSCLCs, containing a higher concentration ratio
(more, than 13 wt.%) of various monomers. As can
be seen from Figures 10–14, under any conditions of
photopolymerisation, the usage of low CRMM (3 and
6 wt.%) leads to the retention of reflection peaks of BPs
of PSCLCs and also gives rise to the extension of ΔTBP

of BPs of PSCLCs, in comparison with the pure CLC
(Figure 5).

After the photopolymerisation process of the com-
posites, containing higher concentration of RMM
(CRMM = 13 wt.%), spectral characteristics of BPs are

strongly changed as was recently described in the case
of Ch, having white reflection spectra, [60,61] or for
BPs, having no reflection spectra after UV exposure in
Iso. [52]

In addition, it was also found that the extension of
ΔTBP of BPs of PSCLCs could be controlled by the
choice of the certain constant temperature Tirr wherein
the photopolymerisation process of RMM takes place.
By way of illustration, temperature dependencies of the
extension of ΔTBP for PSCLCs, formed during expo-
sure time tirr = 300 s and at different photopolymerisa-
tion temperatures Tirr in Iso (solid squares), BPs (solid
circles) and Ch (solid triangles) and contained various
CRMM (3, 6 and 13 wt.%), are shown in Figures 15 (a),
(b) and (c), respectively.

It is seen that the extension of temperature of BPs of
PSCLCs, containing various CRMM, is no dependent on
temperature Tirr, when the photopolymerisation pro-
cess was carried out in Iso and Ch. These results are
analogous to those obtained in [42], where the stability
of BP-III PSCLC also does not depended on tempera-
ture of photopolymerisation for the composition with
certain concentration ratio of monomers. On the con-
trary, after photopolymerisation of the composites,
carried out in BPs (i.e. BPs characterised by different
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cubic lattices), the temperature dependence of the
broadening of ΔTBP of BPs of PSCLCs, containing
various CRMM, was observed (Figure 15). As can be
seen from Figure 15, the increase in Tirr gives rise to
the increase in the temperature range ΔTBP.

Conclusion

The influence of the photopolymerisation conditions,
namely the temperature regime Tirr (or in other words
the phase of the composite during the formation of the
polymer networks) and UV exposure time tirr, on the
broadening of the temperature range ΔTBP of the BPs
was presented. It was shown that the changes of the
photopolymerisation temperature Tirr (i.e. phase dur-
ing UV exposure of the composite), exposure time tirr
of UV radiation and concentrations of RMM without
any photoinitiators can be used to control the exten-
sion of the temperature range of BPs of PSCLCs, as
summarised in Figures 5 and 15. Experimentally it is
found that the extension of ΔTBP is maximal, when
photopolymerisation of the composite has been carried
out in Iso over a prolonged exposure, and reaches the
value 11.5°C, 16.5°C, 23.1°C and 24°C for CRMM = 3, 6,
10 and 13 wt.%, respectively. The usage of PSCLCs
with higher concentrations of RMM (CRMM = 10 and
13 wt.%) is difficult owing to low optical characteristics
(spectral broadening and increase in scattering), but
temperature ranges ΔTBP of BPs of these PSCLCs are
wider. However, as shown in [55,58], the usage of
various photoinitiators and monomers can increase
amount of cross-linking chains and change the mor-
phology of polymer networks that gives rise to a strong
broadening of the temperature range ΔTBP of BPs
PSCLCs. As shown in Figure 15, the temperature Tirr,
wherein polymer networks formed under UV exposure
of PSCLCs in BPs, also should be taken into account to
increase the temperature range of BPs of PSCLCs.
Although composites described in this manuscript
still have a narrow temperature range ΔTBP of BPs
compared to well-known BPs of PSCLCs, [16,17,28–
33,42,55,58] here, the main goal was to demonstrate
the influence of the different photopolymerisation con-
ditions on the broadening of ΔTBP and spectral char-
acteristics of BP of PSCLCs.
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