
Journal of Molecular Liquids 267 (2018) 138–143

Contents lists available at ScienceDirect

Journal of Molecular Liquids

j ourna l homepage: www.e lsev ie r .com/ locate /mol l iq
Electro-optical and dielectric properties of polymer-stabilized blue phase
liquid crystal impregnated with a fluorine-containing compound
Po-Chang Wu a, Hsin-Li Chen a, Natalya V. Rudakova b, Ivan V. Timofeev c,d, Victor Ya. Zyryanov c, Wei Lee a,⁎
a Institute of Imaging and Biomedical Photonics, College of Photonics, National Chiao Tung University, Guiren Dist., Tainan 71150, Taiwan
b Institute of Engineering Physics and Radio Electronics, Siberian Federal University, Krasnoyarsk 660041, Russia
c Kirensky Institute of Physics, Siberian Branch of the Russian Academy of Sciences, Krasnoyarsk 660036, Russia
d Laboratory for Nonlinear Optics and Spectroscopy, Siberian Federal University, Krasnoyarsk 660041, Russia
⁎ Corresponding author.
E-mail address: wlee@nctu.edu.tw (W. Lee).

https://doi.org/10.1016/j.molliq.2017.12.062
0167-7322/© 2017 The Authors. Published by Elsevier Inc
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 October 2017
Received in revised form 4 December 2017
Accepted 13 December 2017
Available online 14 December 2017
The effects of a fluorine-containing compound (4,4′-difluorobenzophenone; DF) on the electro-optical and di-
electric properties of polymer-stabilized blue phase (PSBP) liquid crystals were investigated. When a PSBP cell
was driven by an in-plane electricfield, the addition of DF up to 2.7 wt% effectively reduced the operation voltage
by ~30%. Further inspection by dielectric spectroscopy indicated that the ionic concentration in PSBP decreased
with increasing loading of DF. This finding can be ascribed to the complexation of impurity ions near the ketone
group and carbon–fluorine bonds of the DF compound that restrained the ion transport after
photopolymerization. As a result, the DF compound can be regarded as a superior ion-suppressor, enabling the
reduction in the ionic effect and, in turn, the promotion of the electro-optical response of a PSBP.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Blue phases (BPs) are frustrated liquid crystal (LC) mesophases,
existing between the cholesteric and isotropic phases in highly chiral
LCs. BPs are composed of double twisted cylinders and disclinations,
self-assembling into periodically cubic structures in BPI and BPII or
amorphous fog-like framework in BPIII. Because disclinations or defect
lines with high free-energy cost are thermodynamically unstable, pris-
tine BP structures can only be preserved within a narrow temperature
range, typically 1−5 °C [1,2]. To date, several approaches, such as
forming polymer networks, doping nanoparticles, and using bent-
shape LCs, have successively been developed to tackle this inherent
problem in BPs. Among them, polymer stabilization of BPs, rendering
polymer-stabilized BPs (PSBPs) created by the in-situ polymerization
of monomers in BPs, has been recognized as an effective way to signifi-
cantly broaden the temperature range of BPs with excellent durability
and reliability [3]. Since Kikuchi et al. first demonstrated a PSBP boasting
a 60 °C temperature span and a fast electro-optical (EO) response [4],
PSBPs havewidely been suggested for a variety of technological applica-
tions owing to the uniquely structural nature of BPs. For instance, PSBPs,
with luring features including stimuli-responsive Bragg reflection-
bandgap properties, polarization-insensitive optical isotropy, and fast
EO Kerr switching, have extensively been investigated for designing
. This is an open access article under
lasers [5,6], lenses [7,8], and other various optoelectronic and tunable
photonic devices [9–12]. More attractively, PSBPs offer many advan-
tages in terms of display properties, such as the submillisecond re-
sponse time, excellent dark state in the field-off state, wide viewing
and no need of alignment layer, permitting their emergence as one of
promisingmaterials for realizing next-generation displays [13–15]. Un-
fortunately, implementations of PSBP in the display industry or general
photonics industry are practically impeded by several fatal drawbacks,
especially such as the undesired high driving voltage, EO hysteresis,
and residual birefringence [16–18].

In view of fabrication processes of conventional PSBP, the combina-
tion of a diacrylate monomer (e.g. RM257) with triarylate (e.g.
trimethylolpropanetrisacrylate or TMPTA) or monoarylate monomer
(e.g. EHA or C12A) has largely been adopted as a primary element
to construct polymer networks for BP stabilization after the
photopolymerization. Typically, increasing the monomer concentration
can readily repress the hysteresis and residual birefringence and shorten
the response time of a PSBP but the trade-off is the considerable increase
in operation voltage [19]. As such, the effects of photopolymerization
conditions—in association with the curing temperature [20], the light
source [21,22], the cooling rate [23] and indispensable substances in-
cluding the LC host and chiral dopant [24], monomer type and concen-
tration [19,25–27], and photoinitator [28]—on the display
characteristics of PSBPs have been explored and optimal conditions iden-
tified. Alternatively, using low molecular-weight [29] or low-surface-
tension monomer [30] as one of the components in the prepolymer
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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matrix has also been suggested to reduce the driving voltage as well as
the response time through the increase in the Kerr constant or to sup-
press the hysteresis. Moreover, designing the electrode with unconven-
tional structures (beyond the typically two-dimensional, parallel
stripes) for generating strong and deep-penetrating in-plane electric
fields [31,32] and replacing the commonly employed in-plane-switching
(IPS)mode by the vertical-field-switching (VFS)mode for supplying uni-
form longitudinal electric fields [33] have been proposed to significantly
lower the operation voltage, suppress the voltage–transmittance hyster-
esis and shorten the response time.

In this workwe focus on the properties of PSBPs and consider the ef-
fect of the incorporation of an organic fluorine-containing compound
(4,4′-difluorobenzophenone or bis(4-fluorophenyl)methanone; DF) of
molecular weight of 218.20 g mol−1 together with two commonly
usedmonomers RM257 and TMPTA into a BPmixture. After performing
photopolymerization of the ternary mixture by ultraviolet (UV) light
exposure, the effects of DF on the EO and dielectric responses of the
PSBP samples were examined. To date, fluorine-containing monomers
have been exploited in polymer-dispersed LC systems to improve mor-
phological and EO properties [34–36]. For BPs, only a few studies show
an enlarged temperature range of BP by using a host material with lat-
eral fluoro substituents [37] or using a fluorinated chiral dopant in a
BP mixture [38]. In comparison, the purpose of using a DF compound
as one of the precursors for the formation of PSBP lies on the presence
of desired partial charges in its molecular structure containing car-
bon–oxygen and carbon–fluorine bonds. Since ion impurities originat-
ing mainly from the LC material can hardly be avoided in a LC cell, the
DF compound with partial charges is thus expected to be a superior
ion suppressor for restricting the transport ofmobile ions. In the present
work, the reduced operation voltage and suppressed ionic effect by ad-
dition of DF in PSBPs are, respectively, confirmed in IPS and VFS cells
based on the results of the voltage-dependent transmission curves
and dielectric spectra.

2. Experimental

The materials used to form a blended PSBP precursor comprise a
BPLC mixture, two kinds of photocurable monomers—RM257 (Merck)
and TMPTA (HCCH), a fluorine-containing compound (DF, Alfa Aesar),
and the photoinitiator Irgacure 184 (Ciba). The photoinitiator is widely
used in the photopolymerization of acrylates, which are functional
groups present in RM257 and TMPTA, but not in the compound DF.
Five PSBP precursorswere prepared for investigations and their detailed
compositions are listed in Table 1. Note that “RT” in the sample code
RTxDFy stands for the RM257/TMPTAmixture and the number right be-
hind indicates the concentration of the binary prepolymer in weight
per-mille (wt‰). As displayed in Table 1, the total concentration of
the three compounds in each PSBP precursor; i.e., x + y, is fixed at
9.6 wt%, except for the counterpart RM69DF00. The ratio between the
amounts of RM257 and TMPTA was set to 1:1. In other words, when
the concentrations of DF are 0, 0.70, 1.70, and 2.70 wt%, the concentra-
tions of RM257 and TMPTA are identically 4.80, 4.45, 3.95, and
3.45 wt%, respectively. The BPLC is composed of a nematic host (HDE,
HCCH) and a right-handed chiral additive (R5011, HCCH) in a weight
ratio of 96.8:3.2. The nematic host exhibits a clearing point Tc = 97 °C,
Table 1
Compositions of variousBPprecursors and their isotropic-to-BP andBP-to-CLC phase tran-
sition temperatures.

Sample BPLC
(wt%)

RM257
(wt%)

TMPTA
(wt%)

DF
(wt%)

lIRG184
(wt%)

TIso-to-BP/TBP-CLC
°C/°C

RT69DF00 92.7 3.45 3.45 0 0.40 76.5/68.0
RT96DF00 90.0 4.80 4.80 0 0.40 73.8/63.2
RT89DF07 90.0 4.45 4.45 0.70 0.40 69.7/60.6
RT79DF17 90.0 3.95 3.95 1.70 0.40 68.4/60.2
RT69DF27 90.0 3.45 3.45 2.70 0.40 68.0/59.4
birefringence Δn=0.204 (at the wavelength λ=589 nm and temper-
ature T=20 °C), and dielectric anisotropyΔε=60.64 (at the frequency
of 1 kHz and T = 25 °C) [39].

Fig. 1 illustrates the chemical structures of the two monomers and
the dopant DF used. RM257 is a diacrylate reactive mesogen showing
two alkene groups (namely, the carbon–carbon double bonds) in the
molecular structure and it is often employed as a cross-linker to form
three-dimensional polymer networks [40]. TMPTA is a low-viscosity,
low-volatility liquidmonomerwith three acrylate groups as the reactive
sites; it has been proven responsible of providing rigidity and high
crosslinking density of the resulting network [41]. In this study,
RM257 and TMPTA are the primary components for constructing the
main polymer skeletons in PSBP samples. In contrast, DF is a class of
difluoro compound, consisting of eight hydrogen atoms, 13 carbon
atoms, one oxygen atom, and two fluorine atoms. It is generally used
as a precursor for synthesis of poly(etheretherketone) (PEEK) [42].

The PSBP precursors were heated to their isotropic phase and stirred
for 2 h to ensure complete liquefaction and uniformity. They were then
injected into empty cells by capillary action in the isotropic phase. Here,
the cells used are of two types, differing in the electrode design. The IPS
cells weremade for the EO studywhereas the VFS cells forming parallel-
plate capacitors for the dielectric investigation. An IPS cell was assem-
bled with two glass substrates, one of which coated with interdigital in-
dium–tin-oxide (ITO) electrodes (width/spacing= 5 μm/5 μm) while a
VFS cell was made of two identical ITO-coated substrates with an effec-
tive electrode area of 1 cm2. The cell gaps of the IPS and the VFS cells
were 5.8 μm and 4.5 μm, respectively. Note that no aligning agent was
used in this study. Phase sequences of the PSBP precursors were prelim-
inarily inspected by polarizing optical microscopy to identify the temper-
ature ranges of BPs, as given in Table 1. For the fabrication of PSBP samples
from their precursors, each cell was heated to the isotropic state and
consecutively cooled to the BP with a cooling rate of 0.1 °C/min using a
precise temperature controller (Linkam, T95-PE). When obtaining the
BP at a designated temperature near the BP-to-cholesteric transition
point, each cell was exposed to UV light at λ = 365 nm and intensity of
85mW cm−2 for 10min to accomplish the photopolymerization process
and thus a PSBP resulted.

EO features of PSBPs were determined by the voltage-dependent
transmission (V–T%) curves of IPS cells. In the EO measurement, an IPS
cell was placed between crossed polarizers and the long stripes of
interdigital electrodes were set at 45° from the transmission axis of ei-
ther polarizer. A He–Ne laser beam with emission wavelength at
Fig. 1. Chemical structures of three mixed compounds: (a) RM257, (b) TMPTA, and (c)
4,4′-difluorobenzophenone (DF), an organic compound with the formula of (FC6H4)2CO.

Image of Fig. 1


Fig. 3. Normalized voltage-dependent transmission curves of five IPS-PSBP cells driven by
square wave voltages at frequency of 1 kHz λ= 632.8 nm.
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632.8 nmnormally impinged onto the substrate plane of the cell. The in-
tensity of the monochromatic light after passing through the cell was
monitored by a photodetector. To prevent the light loss from the diffrac-
tion, a convex lens was situated in front of the photodetector to effec-
tively collect diffracted light of distinct orders [43]. On the other hand,
ionic properties of PSBPswere investigated in terms of their complex di-
electric spectra (ε*(f)) of VFS cells in the frequency regimebetween1Hz
and 10 kHz using a LCRmeter (HIOKI 522-50 LCRHiTESTER). Here, ε*(f)
is defined as ε*(f) = ε′(f) – iε″(f), where ε′ is the real-part and ε″ the
imaginary-part dielectric permittivity. The probe voltage was as small
as 0.3 Vrms in the sinusoidal waveform to avoid the contribution of
field-induced molecular reorientation to the complex dielectric data.

3. Results and discussion

The stabilization of BP in our PSBP samples was checked with a po-
larizing optical microscope (Olympus BX51). Fig. 2 displays optical tex-
tures of three such samples (with different monomer compositions)
before and after photopolymerization. The six micrographs clearly re-
veal that the BPs appearing at specific temperatures higher than the
room temperature prior to polymerization (top row) can successfully
be preserved in a widened temperature range covering 25 °C after
photopolymerization. Noticeably, the platelet sizes in RT69DF00 are
comparable to those in RT69DF27. This implies that the fluorine-con-
taining compound DF does not affect the BP formation, which is totally
different from thosematerials used in Ref. 30. To investigate the effect of
DF on the EO properties of PSBPs, IPS samples were driven by square-
wave voltages at 1 kHz using an arbitrary function generator (Tektronix
AFG-3022B) in conjunction with an amplifier (TREK Model 603).

Fig. 3 depicts the V–T% curves of five samples at ambient tempera-
ture. For samples without DF, the voltage (Vmax) corresponding tomax-
imum transmittance and the light leakage at V = 0 Vrms of the sample
RT96DF00 are, respectively, higher than and lower than those of
RT69DF00. Such a result is in good agreement with previous studies. It
has been suggested that the higher monomer concentration furnishes
a stiffer polymer system, thereby yielding a more optically isotropic BP
structure at null voltage and causing a higher operating voltage to in-
duce lattice distortion [15,19]. With fixed overall prepolymer/DF con-
centration at 9.6 wt%, partial replacement of RT and TMPTA by DF
leads to the reduction in operation voltage of the PSBP. It can be deter-
mined from Fig. 3 that the values of Vmax of samples RT89DF07 (Vmax=
42 Vrms), RT79DF17 (Vmax = 37 Vrms), and RT69DF27 (Vmax = 32 Vrms)
are 8.7%, 19.6%, and 30.4% lower than that of sample RT96DF00 (Vmax=
46 Vrms). When comparing samples with identical RT concentration,
Vmax of sample RT69DF27 is lower than that of sample RT69DF00
(Vmax = 40 Vrms) whereas light leakages in the two samples are
Fig. 2. BP textures of three primarily samples (RT69DF00, RT96DF00, and RT69DF27) before pol
25 °C (bottom row). The brightness of the photos is increased by 40% to facilitate comparisons
comparable. This indicates that usingDF tominimize the operation volt-
age is actually accompanied by increased light leakage. Such a drawback
can be compensated by utilizing a circular polarizer instead of linear
polarizer to increase the contrast ratio in that PSBP possesses slight op-
tical rotatory power of double twist cylinders [44]. It can be concluded
from the above discussion that the reduction in operation voltage for
driving a PSBP can be effectively realized by adding DF into the initial
monomer mixture.

Furthermore, Fig. 4 shows the V–T% curves of three selected samples
for comparisons of EO hysteresis and residual birefringence. The
RT96DF00 cell is nearly hysteresis-free and exhibits virtually zero resid-
ual birefringence. The reduction in RT concentration to 6.9wt% results in
apparent hysteresis and residual birefringence in the voltage regime be-
tween 0 Vrms and 20 Vrms, presumably due to the weakened stability of
the polymer network. With the combination of 2.7-wt% DF and 6.9-wt%
RT for polymerization, both thehysteresis and residual birefringence are
notably suppressed in sample RT69DF27. This means that DF filled to-
getherwith RT in disclination defects could also play a role in promoting
the stiffness of polymer chains but it is not as good as RT.

Previously, the reduced operation voltage of a PSBP by optimizing
themonomer type has been explained by themodified anchoring ener-
gy between the LCmolecules and polymers. In our case, it might also be
attributable to the suppressed ionic behaviors in view of the material
characteristics of DF. Generally, ions are unavoidable impurities in a LC
ymer stabilization at designated temperatures (top row) and after polymer stabilization at
.

Image of Fig. 2
Image of Fig. 3


Fig. 6. Complex dielectric and tanδ spectra and fitted curves of ε′(f) and ε″(f) based on Eqs.
(1) and (2) for the RT69DF27 sample.Fig. 4. Normalized V–T% curves showing hysteresis and residual birefringence of three IPS

samples: RT96DF00, RT69DF00, and RT69DF27. λ = 632.8 nm.
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cell because they primarily originate from the LC substance used. It is
well known that the served ionic effect in a LC cell can establish a signif-
icant internal field by the buildup of electrical double layer to counteract
the external one, giving rise to the increase in driving voltage. Fig. 5 pre-
sents the complex dielectric spectra of three VFS samples (RT69DF00,
RT96DF00 and RT69DF27) to allow preliminary examinations of the in-
fluence of DF on the ionic behaviors. In the frequency range where the
ion transport in the LC bulk can respond to the alternate inversion of
electrical polarity of the probe voltage, both ε′(f) and ε″(f) dominated
Fig. 5. (a) Real- and (b) imaginary-part dielectric spectra of VFS-PSBP samples RT69DF00,
RT96DF00, and RT69DF27 at 25 °C.
by the space-charge polarization vary with f−3/2 and f−1, respectively
[45], where f is the (linear) frequency. Consequently, in contrast to the
results of those samples without DF, the shift of the ε′(f) (Fig. 5(a))
and ε″(f) (Fig. 5(b)) curves to lower frequencies of the RT69DF27 sam-
ple briefly suggests the reduced ion transport and, hence, the restricted
ionic effect. To quantitatively determine the ionic behavior as a function
of the DF concentration, we follow a theoretical model established by
Barbero et al. [46] to deduce the ion density n and diffusivity D in the
cell by fitting the experimental data of ε′(f) and ε″(f) into the following
equations [47]:

ε0 ¼ nq2D3=2

π3=2ε0dkBT
f−3=2 þ ε0b ð1Þ

and

ε″ ¼ nq2D
πε0kBT

f−1 ð2Þ

where q is the electric charge, d is the cell gap, ε0 is the permittivity in
free space, kB is the Boltzmann constant, T is the absolute temperature,
and εb′ is the intrinsic dielectric constant of the LC bulk.

To illustrate how the ion density and diffusivity are deduced, Fig. 6
exemplarily shows the complex dielectric and loss tangent (tanδ) spec-
tra and the fitted curves of ε′(f) and ε″(f) for the RT69DF27 cell. Eqs. (1)
and (2) are established based on the contribution of space-charge polar-
ization to the complex dielectric spectra and they are valid in a certain
frequency regime with ε′(f) and ε″(f) varying as f−3/2 and f−1, respec-
tively. Here, theupper and lower limits of this frequency regimeare des-
ignated as fH and fR, respectively. fH is the frequency at which ε′(f) starts
varying as f−3/2. Note that ε′(f) at frequencies higher than fH is attribut-
able to themolecular orientation of LC; thus, behaving as a constant. On
the other hand, fR is the relaxation frequency corresponding to themax-
imumvalue of the loss tangent.When the frequency is lower than fR, the
time for the polarity inversion of the AC field becomes longer than the
Table 2
Summary of the ion density n and diffusivity D of various PSBP samples at T = 25 °C.
Values are obtained by fitting the dielectric data with Eqs. (1) and (2).

Sample n (104 nC cm−3) D (10−6 cm2 s−1)

RT69DF00 3.00 2.89
RT96DF00 3.96 1.98
RT89DF07 3.66 2.20
RT79DF17 2.87 2.26
RT69DF27 2.00 2.06

Image of Fig. 6
Image of Fig. 5
Image of Fig. 4


Fig. 7. Partial-charge distribution in the fluro compound 4,4′-difluorobenzophenone (DF).
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time required for a significant amount of ions to accumulate near the
electrodes. This leads to the decrease in conductivity, and ε″(f) at fre-
quencies lower than fR is no longer a function of f−1 due to an extra con-
tribution of near-electrode polarization to the complex dielectric
spectra. The frequency regimes for curve fittings of ε′(f) and ε″(f) for
the investigated samples are not the same because the complex dielec-
tric data of them, as shown in Fig. 5 are distinct. In the case of the
RT69DF27 cell, the values of fH and fR are 222.3 Hz and 42.9 Hz, respec-
tively. The fitted curves of ε′(f) and ε″(f) in the frequency regime be-
tween 42.9 Hz and 222.3 Hz, as shown in Fig. 6, have coefficients of
determination R2 ~ 0.99, indicating high quality of fits from experimen-
tal data.

According to the experimental results of the VHS-PSBP samples with
identical total RM257/TMPTA/DF concentrations of 9.6wt% listed in Table
2, D remains nearly constant (varying between 1.98 × 10−6 cm2 s−1

and 2.26 × 10−6 cm2 s−1) but n decreases from 39.6 μC cm−3 to
20.0 μC cm−3, revealing a ~50% reduction in n, as the content of DF in-
creases from 0 to 2.7 wt%. By calculating distributed partial charges in
the DF molecule using Chem3D (CambridgeSoft®), the oxygen and
fluorine atoms with negative partial charges are labeled in Fig. 7. In
the polymerization process, the C_O bond of DF will not cleave and
should not react with RM257 and TMPTA as the reactivity of the ketone
group is low. For polymerization of DF to occur, other reactants should
be added, such as in the preparation of PEEK [42]. (The fluoride group
of DF may be reactive in substitution reactions, but the alkene groups
(C_C) in RM257 and TMPTA are not suitable for such reaction.) The ox-
ygen and fluorine atoms in the carbon–oxygen and carbon–fluorine
bonds of dispersed DF molecules with negative partial charges could
thus be accountable to the complexation of impurity ions to restrain
the ion transport. Although DF is confirmed to reduce the ionic effect
and lower the operation voltage, replacing all the contents of RM257
and TMPTA by DF is not suggested because this compound alone can
hardly stabilize the BP state at room temperature. As a result, when
DF is used together with RM257 and TMPTA to create the prepolymer
system, the effect of DF on ionic behaviors would be non-specific for
the LC host used because DF is insufficient to modify the formation of
polymer matrix and the properties of the LC host. This implies that the
same difluoro-compound DF can be expected to suppress the transport
of ions in other types of polymer-stabilized/dispersed LC systems or cell
modes.

4. Conclusions

In conclusion, PSBP cells with wide BP temperature ranges covering
the room temperature were fabricated by adopting distinct amounts of
a third compound (DF) together with two monomers (RM257 and
TMPTA) into the BPmixture, followed by photopolymerization. A series
of experiments were then conducted to study the effects of DF
concentration on the EO and dielectric properties of PSBP cells. By fixing
the overall concentration of the three compounds (RM257/TMPTA/DF)
at 9.6 wt%, the experimentally obtained V–T% curves indicate that the
operation voltage of IPS-PSBP cells decreases with increasing DF con-
centration from 0 wt% to 2.7 wt%. Our data also suggest that DF dis-
persed in the precursor could be also responsible for the enhancement
of the stiffness of the resulting polymer networks in that the EO hyster-
esis and residual birefringence of RT69DF00 is suppressed due to the in-
corporation of 2.7-wt% DF. Furthermore, the mechanism of improved
EO performance of PSBPs by adding DF can be explained in terms of
the modification in ionic behavior. By means of dielectric spectroscopy,
it is found that the ionic effect in PSBP samples is weakened with in-
creasing DF concentration. Quantitatively speaking, increasing the DF
concentration from 0 to 2.7 wt% results in the ion density to fall from
39.6 μC cm−3 to 20.0 μC cm−3. By confirming the presence of partial
charges on the ketone and fluoride groups, such a result could be ex-
plained by the complexation of impurity ions near the carbon–oxygen
and carbon–fluorine bonds of DF. Consequently, with the aim toward
thepromotion of PSBP for practical uses, this studyprovides a newpath-
way from the point of viewofmaterial optimization for improved EO re-
sponses of a PSBP.
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