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Preface

We are witnessing the constant evolution and rapid development of liquid crystal science

and technology. Since making a revolution in the display industry, liquid crystals have become

an important part of a human civilization. The tunability of liquid crystal material properties

successfully exploited in liquid crystal displays has also enabled a plethora of their non-display

applications, including numerous electro-optical components (filters, shutters, waveplates, lenses,

and waveguides), reconfigurable microwave devices (antennas, phase shifters, and delay lines),

sensors, transducers, and actuators including liquid crystal-based soft robotics, miniature lasers and

intensity modulators, large privacy windows, and many other tunable optical and electro-optical

devices.

Given the rapid growth and expansion of both display and non-display applications of liquid

crystals, it is important for scientists to stay abreast of recent developments in the field. The

present Special Issue has been created to realize this need. The ten papers in this Special Issue,

which are authored by 37 authors from 10 different countries, will immediately give the reader

an insight into the multidisciplinary and collaborative nature of liquid crystal research. The

covered topics are as diverse as viewing angle controllable liquid crystal devices, the synthesis of

new liquid crystal materials, the recovery of liquid crystal materials from recycled displays, the

alignment of liquid crystals by unconventional surfaces, the use of liquid crystal elastomers for

direct ink writing, electrical measurements of liquid crystals, phase-only liquid-crystal-on-silicon

spatial-light-modulator uniformity measurements, the design of tunable liquid crystal lenses,

chiral-nematic liquid crystal microparticles as multifunctional optical elements, and heat dissipation

properties of liquid crystalline epoxies. These papers provide a snapshot of the latest research

developments and offer some insights into future progress in the field. We believe that this Special

Issue will be of high interest to any reader interested in liquid crystals and their applications.

This Special Issue would not be possible without the contribution of its authors, anonymous

reviewers, Editorial Board Members, and the editorial staff members of “Crystals” to whom we are

very grateful.

Zhenghong He and Yuriy Garbovskiy

Editors
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Thermal Conductivity and Orientation Structure of Liquid
Crystalline Epoxy Thermosets Prepared by Latent
Curing Catalyst

Miyuki Harada * and Takuya Matsumoto

Department of Chemistry and Materials Engineering, Faculty of Chemistry, Materials and Bioengineering,
Kansai University, Osaka 564-8680, Japan
* Correspondence: mharada@kansai-u.ac.jp

Abstract: Improvements in the performance of electronic devices necessitate the development of
polymer materials with heat dissipation properties. Liquid crystalline (LC) epoxies have attracted
attention because of the orientation of their polymer network chains and their resultant high thermal
conductivity. In this study, a diglycidyl ether of 1-methyl-3-(4-phenylcyclohex-1-enyl)benzene was
successfully synthesized as an LC epoxy and the LC temperature range was evaluated via differential
scanning calorimeter (DSC). The synthesized LC epoxy was cured with m-phenylenediamine (m-PDA)
as an amine-type curing agent and 1-(2-cyanoethyl)-2-undecylimidazole (CEUI) as a latent curing
catalyst, respectively. The LC phase structure and domain size of the resultant epoxy thermosets were
analyzed through X-ray diffraction (XRD) and polarized optical microscopy (POM). High thermal
conductivity was observed in the m-PDA system (0.31 W/(m·K)) compared to the CEUI system
(0.27 W/(m·K)). On the other hand, in composites loaded with 55 vol% Al2O3 particles as a thermal
conductive filler, the CEUI composites showed a higher thermal conductivity value of 2.47 W/(m·K)
than the m-PDA composites (1.70 W/(m·K)). This difference was attributed to the LC orientation of the
epoxy matrix, induced by the hydroxyl groups on the alumina surface and the latent curing reaction.

Keywords: epoxy; thermosets; crosslinking; mechanical properties; thermal property; liquid crystals

1. Introduction

In recent years, as electronic devices have become more sophisticated and densely
packaged, the amount of heat dissipated inside them has tended to increase. This causes
functional failure and deterioration of peripheral components. Therefore, a need for
higher thermal conductivity exists for encapsulating materials [1]. Epoxy resins are one of
the conventional thermosetting polymers. They have been widely used in industrial
fields, such as adhesives, coatings, and composite materials for their excellent bonding
and thermal properties, chemical resistance, low shrinkage, processability, and electrical
insulation properties. Therefore, epoxy resins are also used as encapsulation materials
and printed circuit boards; however, general-purpose epoxy resins are known to have
lower thermal conductivity than metallic and ceramic materials. In general, inorganic filler
powders, such as alumina (Al2O3) [2–4] and boron nitride (BN) [5–12], are added to the
resin matrix to attain encapsulating materials with high thermal conductivity. However,
the extent to which composite fillers can improve thermal conductivity is limited because
the increase in filler content causes matrix embrittlement and deterioration of molding
processability because of high viscosity. Therefore, an urgent need exists to increase the
thermal conductivity of the epoxy resin itself, which has been reported to further increase
the thermal conductivity when it is filled with a filler.

Liquid crystalline (LC) epoxies with mesogen groups in the backbone moiety have
received attention. Frequently, they contain azo, azomethine, ester, stilbene, biphenyl, and
terphenyl as mesogenic groups. LC epoxies form LC structures such as nematic (N) and

Crystals 2024, 14, 47. https://doi.org/10.3390/cryst14010047 https://www.mdpi.com/journal/crystals1
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smectic (Sm) phases via π–π stacking of mesogen groups. Not only in the monomeric state
but also upon reaction with a curing agent, LC epoxies form LC domains in networked
polymer chains. This oriented polymer structure efficiently suppresses phonon scattering
and demonstrates superior thermal conductivity compared to general-purpose epoxy
thermosets [13–34]. Akatsuka et al. have reported that an ester-type twin mesogen epoxy
thermoset exhibits a thermal conductivity approximately four to five times higher than
those of general-purpose epoxy resins [8]. Tokushige et al. reported that cured materials
that form an Sm phase exhibit higher thermal conductivity than those that form an N
phase [28]. However, in general, LC epoxy resin monomers with mesogen groups have a
high melting point; thus, high-temperature conditions are critical during the preparation of
cured products. However, high-temperature conditions have disadvantages, including high
energy costs in industrial mass production. To solve this problem, we synthesized a phenyl-
cyclohexene type LC epoxy with a low melting point and wide LC temperature range and
subsequently found that the resultant thermosets exhibited high thermal conductivity [15].

Another possible curing method to improve LC alignment is the self-polymerization
reaction of LC epoxy resins using a latent curing catalyst. Tertiary amine compounds and
imidazole compounds are used as curing catalysts in the self-polymerization reaction of
epoxy resins. These compounds are added to the epoxy resin in small amounts (1–5 phr).
The cured LC epoxy thermosets prepared with a curing catalyst have a high concentration of
mesogenic groups in their networked structure. However, there are imidazoles with a cyano
group (–CN) [35] as a strong electron-withdrawing group. In addition, because of the lower
electron density, imidazoles with a cyano group exhibit lower reactivity than conventional
imidazole compounds. LC epoxy resins prepared with less-reactive curing agents have
longer gelation times and can provide a range of possible mesogenic groups. We have also
reported on the improvement of the alignment and toughness of cured materials using a
mixture of LC epoxy resin and a rigid, highly reactive curing agent, where the curing agent
was present in small amounts, contained flexible chains, and exhibited low reactivity [36].
The use of latent curing catalysts increased the concentration of mesogen groups in the LC
epoxy thermosets and extended the gelation time, giving the mesogen groups more time to
align; this alignment is expected to improve the orientation of networked polymer chains.

In the present study, a diglycidyl ether of 1-methyl-3-(4-phenylcyclohex-1-enyl)benzene
as an LC epoxy monomer was synthesized and its LC property and reactivity were in-
vestigated. The differences in the LC phase structure and the thermal conductivity of the
cured materials prepared using aromatic diamines as a curing agent and imidazoles as a
latent curing catalyst were discussed. These properties were also compared with those of
epoxy thermosets prepared with a conventional aromatic amine. The thermal conductivity
of composites loaded with alumina particles as a high thermally conductive filler was
also investigated.

2. Materials and Methods

2.1. Materials

The epoxy resin, curing agent, and curing catalyst used were diglycidyl ether of 1-
methyl-3-(4-phenylcyclohex-1-enyl)benzene (DGEDPC-Me) (Mw = 392 g/mol, Cr 80 LC
132 Iso), m-phenylenediamine (m-PDA, Mw = 108 g/mol, m.p. 62–65 ◦C, Wako Pure Chemical
Industries, Osaka, Japan), and 1-(2-cyanoethyl)-2-undecylimidazole (CEUI, Mw = 275 g/mol,
m.p. 49–54 ◦C, Tokyo Kasei Chemical Industry, Tokyo, Japan), respectively. The structures of
these chemicals are shown in Figure 1.

Al2O3 particles (AA-05, Sumitomo Chemical, particle mean diameter: 5 μm) were used
as a thermal conductive filler.

Hexamethyl disilazane (HMDS, Mw = 275 g/mol, Tokyo Kasei Chemical Industry,
Tokyo, Japan) was used as a silane decoupling agent for a glass substrate.

2
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Figure 1. Chemical structures of DGEDPC-Me, m-PDA, and CEUI.

2.2. Synthesis of 1,4-Diphenyl-3-Methyl-Cyclohexene-Type Epoxy Resin (DGEDPC-Me)

The DGEDPC-Me synthesis pathway is based on that reported in our previous
study [32] on the same structure without the methyl branch. DGEDPC-Me was syn-
thesized from a 24-times excess of 1-chloro-2,3-epoxypropane (119.64 g, 12.9 × 102 mmol,
Mw = 93 g/mol; Wako Pure Chemical Industries, Osaka, Japan) and 4,4′-dihydroxy-(1-
methyl-3-(4-phenylcyclohex-1-enyl)benzene) (15.00 g, 53.6 mmol, Mw = 280 g/mol; Hon-
shu Chemical Industry, Tokyo, Japan) with 60 mL of dimethyl sulfoxide (DMSO) and
tetra-n-butylammonium chloride (TBAC) (90.0 mg, 32.4 × 10−3 mmol, Mw = 278 g/mol,
Sigma-Aldrich Co. LLC, St. Louis, MO, USA) as the catalyst. The epoxidation reac-
tion was conducted at 60 ◦C for 1 h, after which a 50 wt% aqueous sodium hydroxide
(Mw = 40 g/mol, Wako Pure Chemical Industries, Osaka, Japan) solution (5.15 g, 129 mmol)
was added over 0.5 h and additionally reacted for 1.5 h to induce the epoxy ring-closure
reaction. The product was purified through reprecipitation with 750 mL of methanol, fol-
lowed by 5 washes with 20 mL of methanol. It was then dried at 60 ◦C for 2 h. The obtained
product contained 15.69 g of white powder, and the reaction yield was 75%. All reagents in
the above synthesis were used as received, without any purification. The structure of the
synthesized compounds was confirmed using 1H-NMR (JNM-AL 400; JEOL Ltd., Tokyo,
Japan) and Fourier transform infrared (FT-IR, SPECTRUM 100, Perkin Elmer, Waltham,
MA, USA) spectroscopy. The repeating unit was determined to be 0.06 via gel permeation
chromatography (GPC, LC20AD, Shimadzu Corp., Kyoto, Japan) with THF as the eluent
at 40 ◦C, using a refractive index detector (RID-20A, Shimadzu Corp., Kyoto, Japan). The
sample (about 5 mg) was completely dissolved in 10 mL of THF.

1H-NMR and FT-IR spectra are shown in Supplementary Materials Figures S1 and S2.
1H-NMR (CDCl3, δ, ppm): 1.9 (q, 2H, CH2), 2.1 (d, 2H, CH2), 2.3 (s, 3H, CH3), 2.5 (t,

2H, CH2), 2.8 (m, 1H, CH), 2.9 (d, 4H, CH2, epoxy), 3.4 (m, 2H, CH, epoxy), 3.9 (d, 2H, CH2,
epoxy), 4.1 (d, 2H, CH2, epoxy), 6.1 (s, 1H, CH), 6.7 (d, 2H, CH, aromatic), 6.9 (d, 2H, CH,
aromatic), 7.1 (d, 2H, CH, aromatic), 7.2 (d, 2H, CH, aromatic), 7.3 (d, 2H, CH, aromatic).

IR (KBr, cm−1): 3630–3095 (ν O–H), 3090–2900 (ν C–H, methylene), 2900–2790 (ν C–H,
methyl), 1605, 1510 (ν C=C, aromatic), 1460 (δ C–H, methyl), 1390 (ν C–O, phenol), 1350 (δ
C–H, methyl), 1030 (ν C–O, ether), 915 (ν C–O, epoxy).

The transition temperature of the synthesized DGEDPC-Me was measured with a
differential scanning calorimeter (DSC Exter 7020, SII, Chiba, Japan) at a heating rate of
5 ◦C/min. The synthesized epoxy monomer was found to exhibit an LC phase between 80
and 132 ◦C (C 80 LC 132 I).

2.3. Curing of Epoxy Resin and Al2O3 Composites

DGEDPC-Me was cured with a stoichiometric amount (NH: epoxy group = 1:1) of
the curing agent (m-PDA) or 3 phr of latent curing catalyst (CEUI). The epoxy resin was

3
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completely melted at 160 ◦C for 2 min, and m-PDA or CEUI was then added. Both systems
were cured in an oven at 70 ◦C for 3 h, at 80 ◦C for 1 h, and at 100 ◦C for 1 h. They were
then cured at 220 ◦C for 0.5 h. The heating rate was 20 ◦C/min. The composites, loaded
with Al2O3 particles (particle mean diameter: 5 μm) without any surface treatment, were
prepared using the same procedure as above.

2.4. Surface Treatment of a Glass Substrate

The surface of a glass substrate was directly treated with HMDS at room temperature
through the dry treatment method.

2.5. Characterization Techniques

The structure of the synthesized epoxy monomers and the conversion of the epoxy
groups in their thermosets were analyzed through FT-IR spectroscopy (SPECTRUM 100,
Perkin Elmer, MA, USA), using samples incorporated into KBr pellets. The resolution
of the FT-IR spectrum was 4 cm−1, and the spectra were collected after four scans. The
chemical conversion of the epoxy groups was determined from the reduced size of the peak
at 910 cm−1, which was identified as an epoxy group. Here, the peak at 1510 cm−1, which
was identified as a benzene ring, was used as an internal standard.

The gel fraction was estimated on the basis of the change in weight of the powdered
bulk samples (0.50 g). The samples in cylindrical filter paper were soaked and stacked in
THF at 25 ◦C for 1 h, then at 40 ◦C for 1 h, and then at 60 ◦C for 1 h. Following extraction, the
samples were fully dried at 60 ◦C for 6 h under vacuum, and their weight was subsequently
measured.

The phase transition behavior and LC texture of the synthesized epoxy monomers
and their thermosets were confirmed under cross-polarized light using a polarized optical
microscope (POM; BH-2, Olympus Corporation, Tokyo, Japan) equipped with a hot stage
(TPC-2000, Ulvac, Inc., Kanagawa, Japan); the samples were heated at 5 ◦C/min. The
thickness of the thermoset samples was 10 μm.

The LC phase orientation in the epoxy thermosets was confirmed using wide-angle
X-ray diffraction (WAXD; NANO-Viewer MicroMax-007HF, Rigaku Corporation, Tokyo,
Japan) and an imaging plate detector (R-AXIS-IV, Rigaku Corporation, Tokyo, Japan). The
layer spacing, d, was calculated using Bragg’s formula (nλ = 2d·sinθ). Diffraction patterns
were obtained using Cu Kα (λ = 0.145 nm) radiation generated at 40 kV and 30 mA. The
thickness of the epoxy thermoset samples was 1.0 mm.

The thermal conductivity at 25 ◦C was determined from the thermal diffusivity α,
density ρ, and specific heat capacity Cp. The thermal conductivity λ was calculated using
the following equation [37]:

λ = α · ρ · Cp (1)

The thermal diffusivity α of the systems at 25 ◦C was measured using Xe-flash analysis
(LFA 447 NanoFlash, Netzsch, Selb, Germany) according to the ISO 18755 standard. The
samples were prepared as disks with a diameter of 10.0 mm and thickness of 1.0 mm. The
entire surface of the samples was coated with a Au layer of 500 Å via ion sputtering and
then covered with a carbon layer of ~8 μm using a carbon sprayer (graphite coat; Nihon
Senpaku) to enhance the thermal contact and prevent the direct transmission of light from
the laser light source throughout the specimen. The measurement temperature was 25 ◦C.

The density ρ of the systems was measured at 25 ◦C using the pycnometer method
according to the standard JIS K7112. The Cp was measured using a differential scanning
calorimeter (DSC Exster 7020, SII, Chiba, Japan) at a heating rate of 5 ◦C/min. The sample
weight was 10 mg, and the reference sample was α-Al2O3 (sapphire) (Cp: 0.78 J/(g·K)).

3. Results

3.1. Curing Reaction of the DGEDPC-Me/m-PDA and CEUI Systems

The conversion of the epoxy groups in the DGEDPC-Me systems was calculated
through FT-IR measurements to confirm the effect of aromatic amine curing agents or latent
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catalysts on reactivity (Figure 2). The results showed that the reactivity of the epoxy group
in the aromatic amine m-PDA system was consumed rapidly, whereas the latent catalyst
CEUI system showed a substantially lower reactivity in the initial stage of curing, and
its reactivity gradually increased with increasing curing temperature. We speculate that
the electron-withdrawing behavior of the cyano group of CEUI strongly suppressed the
reactivity of the epoxy group.

Figure 2. Epoxy conversion (solid line) and gel fraction (dotted line) of the (�) m-PDA and (�)
CEUI systems.

To confirm that the latent catalyst affects the extension of the gelation time, the gel
fraction was measured during the curing process. As a result, in the CEUI system, extension
of the gelation was observed with the latent catalyst, suggesting that the mesogenic groups
had sufficient time for arrangement.

3.2. LC Phase Structure of the DGEDPC-Me/m-PDA and CEUI Systems

Figure 3 shows polarized optical micrographs collected during the curing process
to investigate the differences in the liquid crystallinity of the DGEDPC-Me systems. The
aromatic amine m-PDA system showed a dark field throughout the region at a curing
time of 30 s immediately after melting, and an isotropic phase was formed temporarily.
As the curing time progressed, a liquid-crystalline phase appeared after ~3 min and the
growth of the LC domains was observed until ~10 min. However, the latent catalyst CEUI
system showed an LC phase after melting, without isotropization. In addition, the LC
phase was maintained even as the curing time progressed, and the LC domain diameter
increased. The LC domains of the m-PDA system were ~60 μm, whereas those of the
CEUI system were ~120 μm, indicating that larger domains were formed in the latent
catalyst system. This result is attributable to the higher concentration of LC epoxy resin
in the system. The concentration of mesogenic groups in the CEUI system with 3 phr
catalyst added is higher than that in the m-PDA system because the aromatic amine was
added on a chemical-equivalent basis. This chemical-equivalent addition of the aromatic
amine is speculated to have improved the stacking effect between the mesogen groups and
prolonged the gelation time by suppressing the reaction rate, thereby allowing the mesogen
groups to self-align more easily.

5
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Figure 3. Polarized optical micrographs of the DGEDPC-Me thin films cured with (a) m-PDA and
(b) CEUI systems during the curing process (curing temperature: 80 ◦C, magnification: ×200).

In addition, the bulk thermosets prepared in Al cups were polished to thin films and
observed using POM (Figure 4). The birefringence pattern was confirmed in both systems
under crossed Nicols, indicating that the LC phase was present in the DGEDPC-Me epoxy
thermosets. When the crossed Nicols angle was rotated by 45◦, the LC domains were
identified as the area where bright and dark fields were switched. The results indicate
that larger LC domains were formed in the CEUI (latent curing catalyst) system compared
to those in the aromatic amine. A similar trend was confirmed in the bulk thermosets
(Figure 3).

Figure 4. Polarized optical micrographs of the DGEDPC-Me cured with (a) m-PDA and (b) CEUI
systems (magnification: ×100).

Figure 5 shows the XRD patterns acquired to identify the LC phase structure of the
obtained LC epoxy thermosets cured through the m-PDA and CEUI. The results show a
sharp peak at 2θ = 3.9◦ (2.26 nm) for (a) the m-PDA system and 4.4◦ (2.01 nm) for (b) the CEUI
system on the small-angle side. Halos at 2θ = 18.4◦ (0.48 nm) were observed in the patterns
of both systems. These results indicate that both systems formed an LC phase containing a
Sm phase structure. The layer distance of the Sm phase formed by addition polymerization
(m-PDA) and self-polymerization (CEUI) differed slightly. This result is attributable to the
introduction of the amine curing agent by covalent bonding in the m-PDA system, resulting
in a longer smectic layer distance than in the CEUI system. It reflects the difference in the
assumed crosslinking structure. In addition, the relative intensity of the Sm (small-angle
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side) peak to the halo intensity, based on the nematic phase or amorphous structure, was
calculated as shown in Table 1. The higher this value, the greater the extent of alignment
of the mesogenic groups. The higher relative intensity for the m-PDA system indicates that
more of the Sm phase was formed, whereas the CEUI system formed more of the nematic
phase. In our previous paper, we reported on the LC epoxy thermosets, the halo strength of
which is significantly lower than that of its smectic peak [36]. Therefore, we think that the
m-PDA and CEUI systems consist of a mixture of smectic and nematic phases.

Figure 5. XRD patterns of the DGEDPC-Me cured with (a) m-PDA and (b) CEUI systems.

Table 1. Thermal conductivity of the DGEDPC-Me cured with the m-PDA and CEUI systems.

Curing System
Thermal Conductivity

(W/(m·K))
Domain Size

(μm)
Relative

Intensity *

m-PDA system 0.31 ± 0.03 80 1.3
CEUI system 0.27 ± 0.02 120 0.7

* Calculated by I 3.9, 4.4◦/I Halo.

3.3. Thermal Conductivity of the DGEDPC-Me/m-PDA and CEUI Systems

The thermal conductivity of the LC epoxy thermosets cured through the m-PDA and
CEUI is shown in Table 1. The results show that the m-PDA system exhibited a higher
thermal conductivity (0.31 W/(m·K)) compared to the CEUI system (0.27 W/(m·K)). This
higher thermal conductivity is attributed to the orientation structure of the networked
polymer formed by the different curing reaction mechanisms. We have reported that the
formation of the LC phase can be prevented with the loading of a BN filler [17]. However,
Tanaka et al. reported that hydroxyl groups on the surface of glass substrates induced the
formation of vertically oriented smectic phase structures when LC epoxy resin was cured
with aromatic amine curing agents [25].

Here, the difference in the amount of hydroxyl groups in the formed networked
polymer chains was investigated on the basis of the FT-IR measurements of both curing
systems. More OH groups were formed in the m-PDA system than in the CEUI system. In
the catalyst curing process, epoxy groups are consumed by the self-polymerization reaction
derived from oxygen anions, resulting in an ether-linked network polymer. In this reaction,
hydroxyl groups are hardly produced. However, the amine curing reaction generates
one hydroxyl group per epoxy group because crosslinking occurs via addition polymer-
ization of the amine and epoxy groups (Scheme 1). This difference in reaction mechanism
results in a large difference in the amount of OH groups in these epoxy thermosets.
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Scheme 1. Curing reaction of the DGEDPC-Me cured with (a) m-PDA and (b) CEUI systems.

3.4. Alignment of the DGEDPC-Me/m-PDA and CEUI Systems on Glass Substrates

We conducted a model experiment to investigate the influence of the amount of
hydroxyl groups formed by the reaction on the orientation of mesogen groups in the
thermosets. The m-PDA system, which forms hydroxyl groups via a crosslinking reaction,
and the CEUI system, which generates almost no hydroxyl groups, were cured on a glass
substrate with hydroxyl groups on its surface. We investigated whether the OH groups
present on the outside induced the alignment of mesogen groups in the reticular chains
of the CEUI system. Figure 6 shows the results of X-ray diffraction measurements of LC
epoxy cured on a glass substrate. As a result, a sharp, high-intensity peak at 2θ ≈ 4◦ and
a low-intensity halo at 2θ ≈ 18◦ were observed in the patterns of both the m-PDA and
CEUI systems, indicating that, compared to the bulk thermosets, the CEUI system formed a
larger amount of smectic phase structures. This result suggests that the presence of external
hydroxyl groups leads to the alignment of mesogen groups in the CEUI system, which
generates almost no hydroxyl groups.

Figure 6. XRD patterns of the DGEDPC-Me cured with (a) m-PDA and (b) CEUI systems on glass
substrates.

For further comparative study, we subjected glass substrates to a hydrophobic surface
treatment using hexamethylene disilazane (HMDS). The DGEDPC-Me/CEUI system was
cured on the hydrophobic glass substrates. The results of XRD measurements of the system
are shown in Figure 7. Small-angle peaks derived from the smectic phase structure were
identified. The system of the board showed lower values. This finding is attributable to
the hydrophobic surface treatment substantially reducing the hydroxyl groups, making an
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arrangement of mesogenic groups difficult. These results confirmed that more hydroxyl
groups on the substrate surface led to better mesogen group orientation. Tanaka et al. have
reported that the LC epoxy orientation is induced by the formation of hydrogen bonds
between the hydroxyl groups formed by the ring-opening reaction of epoxy groups and
the hydroxyl groups on the surface of the glass substrate [25]. However, the results in
Figures 6 and 7 indicate that the LC orientation is induced by interaction with the substrate
even in the catalyst curing system, which generates a small amount of hydroxyl groups in
the curing reaction.

Figure 7. XRD patterns of CEUI systems cured on glass substrates. (a) Untreated and (b) treated
with HMDS.

3.5. Thermal Conductivity of the DGEDPC-Me/m-PDA and CEUI/Al2O3 Composites

The DGEDPC-Me composites loaded with alumina particles having hydroxyl groups
on the surface were prepared for the m-PDA and CEUI systems. On the basis of the results
of the model experiment on the hydrophilic glass surface in Figure 7, we expected the
Sm phase orientation-induced effect of the mesogen groups in the networked chains to
influence the surface of the alumina filler, especially in the CEUI system. Figure 8 shows
the relationship between the thermal conductivity of the resultant composites and the
volume fraction of Al2O3 particle. The results show that the thermal conductivity of both
the m-PDA and CEUI systems improved dramatically with increasing addition of alumina
particles. It is noteworthy that the CEUI composites loaded with 55 vol% Al2O3 particles
showed a higher thermal conductivity value of 2.47 W/(m·K) than the m-PDA composites
(1.70 W/(m·K)). A substantial improvement in thermal conductivity was observed in the
CEUI system in particular, despite the lower thermal conductivity of the unloaded system.
This result is attributable to the hydroxyl groups on the surface of the dispersed alumina
particles improving the orientation of the mesogen groups in the CEUI system. In addition,
the latent curing catalyst might have suppressed the initial curing reactivity, resulting in
delayed gelation, providing sufficient time for orientation induction.
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Figure 8. Thermal conductivity of the DGEDPC-Me cured with (�) m-PDA and (�) CEUI systems
loaded with Al2O3 (5 μm).

4. Conclusions

A diglycidyl ether of 1-methyl-3-(4-phenylcyclohex-1-enyl)benzene was cured using
both m-PDA as an aromatic amine and CEUI as a latent curing catalyst. The CEUI catalyst
system showed a long gelation time in the curing process and the obtained epoxy thermoset
formed larger LC domains than the m-PDA system. However, the smectic LC orientation
in the CEUI system was poorer than that in the m-PDA system. The thermal conductivity
of the CEUI system was 0.27 W/(m·K), and the value was low compared to that of the
m-PDA system (0.31 W/(m·K)). In addition, composites loaded with alumina particles
were prepared for both the m-PDA and CEUI systems. Though the thermal conductivity
of both systems improved with increasing addition of alumina particles, a substantial
improvement in thermal conductivity was observed in the CEUI system. Even in the CEUI
system, which had almost no hydroxyl groups, the delayed gelation and the hydroxyl
groups on the alumina surface improved the mesogen group alignment and the thermal
conductivity of the composite.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14010047/s1. Figure S1. 1H-NMR spectra of the DGEDPC-
Me (a) before and (b) after epoxidation; Figure S2. FT-IR spectra of the DGEDPC-Me (a) before and
(b) after epoxidation.
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Abstract: The development of multifunctional optical elements capable of controlling polarization,
wavelength, and propagation direction is pivotal for the miniaturization of optical devices. How-
ever, designing the spatial distribution of the refractive index for the fabrication of such elements
remains challenging. This study demonstrates the spectroscopic function of microparticles composed
of chiral-nematic liquid crystals (N* LC), which inherently selectively reflect circularly polarized
light. The measurement of the reflection spectra with fiber probes revealed angular-dependent
back-reflection of the single layer of the N* LC particles. These results indicate that our N* LC mi-
croparticles possess multiple optical functions, enabling the separation of incident light polarization
and wavelength within a single material. This suggests broad applications of N* LC particles as
compact optical elements.

Keywords: chiral-nematic liquid crystals; polymer particles; selective reflection; optical elements

1. Introduction

The control of light properties, including polarization, wavelength, and propagation,
is a fundamental technology with applications across various fields [1–4]. This technology
is used in spectroscopy [5], sensing [6], imaging [7], three-dimensional scanning [8,9],
and photovoltaics [10], which play pivotal roles in daily life and science and technology.
Recently, a demand for the miniaturization of these optical devices has emerged. One
approach to achieving miniaturization involves reducing the number of components. Typ-
ically, optical devices with specific functionalities are assembled using various optical
elements, such as diffraction gratings, prisms, filters, polarizers, lenses, and mirrors [1].
Rational design of the spatial distribution of the refractive index, such as liquid crystal
holograms, is a promising approach for realizing multifunctional optical elements. How-
ever, developing multifunctional materials for microscale components remains a significant
challenge. Consequently, innovative designs for optical elements are imperative to expedite
the further miniaturization of optical devices.

One potential material with such multifunctionality is a chiral-nematic liquid crys-
tal (N* LC), which exhibits wavelength-selective reflection of circularly polarized light
(CPL) [11–17]. N* LC is a liquid–crystalline phase that emerges upon the introduction of
chiral molecules into nematic liquid crystals, spontaneously forming a helical molecular
alignment. Owing to its helical structure and refractive index anisotropy, this phase ex-
hibits a periodic distribution of the refractive index and demonstrates selective reflection,
following Bragg’s law. The reflection wavelength λref depends on their helical pitch P in
which the molecules rotate 360◦, as per the following equation:

λref = nN* LC · P sin θ,

Crystals 2023, 13, 1660. https://doi.org/10.3390/cryst13121660 https://www.mdpi.com/journal/crystals13



Crystals 2023, 13, 1660

where nN* LC is the average refractive index of the N* LC used and θ is the angle between
the incident light and surface plane. By manipulating the molar ratio of the chiral molecules,
we can modulate the helical pitch (P) of the N* LC, allowing us to attain N* LC with a
specified reflection wavelength. Moreover, the N* LC exhibited selective reflection of
CPL with the same handedness as its helical structure [18]. The dual functionality of N*
LC, which enables simultaneous control over the circular polarization and wavelength of
reflected light, has generated considerable interest in its application as a multifunctional
optical element.

In addition to these functionalities, several studies have successfully controlled the
light propagation direction [11–15]. Recently, Ozaki et al. proposed an innovative route to
diffuse or focus reflected light by manipulating the phase of the helical alignment along
the helical axis within the film [11]. This new capability to control the light direction
holds a significant potential for advancing the application of N* LC as a multifunctional
holographic device. However, the propagation direction of light depends on the incidence
angle. This is because of the film-type N* LC with a unidirectionally aligned helical axis.
Furthermore, these functionalities were exclusively observed under monochromatic light.
Achieving back-reflection capable of changing the reflection wavelength based on the
incidence angle remains challenging for N* LC materials.

We recently fabricated N* LC particles through the dispersion polymerization of
monomers [19,20]. This technology enables the production of monodisperse microsized
polymer particles in a single step [21,22]. The resulting N* LC particles exhibited vivid
reflection colors that varied with the molar ratio of the chiral monomer. These polymer
particles can serve as reflective materials with superior environmental stability compared
with low-molecular-weight LC droplets [23–26]. In a previous study, molecular alignments
revealed the presence of radial helical axis alignments [19,20]. Because the helical axis
alignment is not unidirectional, the incidence angle against the helical axis varies according
to the illuminated area of the N* LC particles [27]. We anticipated that this heterogeneous
reflection behavior would induce angular-dependent back-reflection. This is because the
reflection wavelength and angle were altered based on the orientation of the incident beam.

Herein, we conducted experimental investigations into the angular-dependent reflec-
tive properties of the N* LC particles to assess their potential as versatile optical elements.
We observed variations in the back-reflection wavelength corresponding to changes in the
incidence angle. These multifunctional N* LC particles hold promise for applications as
ultracompact optical elements at the micrometer scale. The N* LC particles exhibit reflective
properties at specific wavelengths and CPL selectivity. In addition, these particles can pro-
duce diverse reflection colors, enabling the straightforward creation of colorant materials
with a range of reflection modes [19,20]. Thus, our microsized N* LC particles represent
a substantial advancement in developing multifunctional optical elements, significantly
contributing to the miniaturization of optical devices.

2. Materials and Methods

2.1. Preparation of N* LC Particles Using Dispersion Polymerization

The N* LC particles were synthesized following the procedure outlined in our pre-
vious report [19,28]. The molecular structures of the monomers and dispersion stabilizer
(polyvinylpyrrolidone (PVP)) are shown in Figure 1. The base liquid crystal monomer
(LCM) was generously provided by Osaka Organic Chemical Industry Ltd (Osaka, Japan).
and was purified by recrystallization from methanol before use. The chiral monomer (CM)
was synthesized and purified according to previously reported methods [28].

The monomers, LCM and CM, along with PVP and polymerization initiator (2,2′-
azobis(isobutyronitrile), AIBN), were dissolved in a mixed solvent of N,N-dimethylformamide
(DMF) and methanol in a 30 mL Schlenk flask (U-1013, Sugiyama-Gen Co., Ltd., Tokyo,
Japan). The composition of the polymerization mixture is listed in Table S1. The solution
was subjected to several freeze–pump–thaw cycles to remove dissolved oxygen, backfilled
with Ar gas, and then stirred at 55 ◦C for 20 h. The resulting N* LC particles were collected
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by filtration through a membrane filter (T080A025A, ADVANTEC, Tokyo, Japan) with a
pore size of 0.8 μm to obtain the polymer particles.

Figure 1. Molecular structures of liquid crystal monomer (LCM), chiral monomer (CM), and disper-
sion stabilizer (PVP).

2.2. Characterization of N* LC Particles

Size-exclusion chromatography (SEC) was performed using LC-20AD (Shimadzu,
Kyoto, Japan) equipped with a KF805 column (Shodex, Tokyo, Japan) and UV-vis detector
(254 nm) at 40 ◦C, using tetrahydrofuran (THF) as an eluent at a flow rate of 1.0 mL min−1.
Molecular weights were calibrated using polystyrene standards. 1H NMR spectra were
recorded on a JEOL ECS-400 spectrometer (400 MHz) in CDCl3 for the monomers and
CD2Cl2 for the polymer. Chemical shifts were reported in parts per million (ppm) us-
ing the residual protons in the NMR solvent. The thermodynamic properties were de-
termined using differential scanning calorimetry (DSC, SII X-DSC7000) at heating and
cooling rates of 10 ◦C min−1. Representative results of the P2 measurements are shown in
Figures S1, S2 and 2.
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Figure 2. DSC thermograms of P2 (second scan cycle). Scanning rate was 10 ◦C min−1. Abbreviations:
G, glassy; N*, chiral-nematic; I, isotropic.

2.3. Evaluation of Reflection Functionalities

Single layer particles were fabricated on the carbon tape as follows. A suspension
of the N* LC polymer particles (1.0 mg mL−1, 0.2 mL) in water was dropcasted onto a
pre-cleaned glass substrate (15 mm × 13 mm) and slowly evaporated at 5 ◦C overnight.
Subsequently, a carbon tape was adhered to this substrate, and a single layer of N* LC
particles was transferred onto the carbon tape.

Reflection spectra were measured using a diode array spectrometer (BLUE-WaveUVN,
StellarNet, Tampa, FL, USA) equipped with two types of fiber probes. A coaxial fiber probe
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(R600, StellarNet, Tampa, FL, USA) was employed to measure the normal reflection. To
investigate the incidence angle dependence, two uniaxial fiber probes (F400, StellarNet,
Tampa, FL, USA) were used. In this study, the incidence angle (θ) was defined as the angle
between the substrate surface plane and the incident light, which was controlled by the
fiber probe connected to the light source. The fiber probe connected to the detector was
fixed perpendicular to the substrate surface. A tungsten lamp (SL-1, StellarNet, Tampa,
FL, USA) served as the incident light source for unpolarized white light. To evaluate
the differences in wavelengths, each spectrum was normalized by dividing the original
data by the corresponding intensity value at the maximum reflection wavelength in the
measured ranges.

3. Results and Discussion

3.1. Synthesis and Characterization of N* LC Polymer Particles

We successfully obtained monodisperse polymer particles with an average diameter
(d) of ~2.5 μm and a standard deviation of 0.1 μm at ~50% conversion (Table 1). SEC
analysis revealed a number-average molecular weight (Mn) of 15,000 Da and a polydisper-
sity index of 2.6 (Table 1). The copolymer composition was determined using 1H NMR
spectroscopy, which confirmed that the desired copolymer with the same composition as
that of the monomer mixture for polymerization was achieved (Table 1 and Figure S2). DSC
measurement indicates that the synthesized polymers had a glass transition temperature
(Tg) at 36 ◦C and showed a liquid–crystalline phase up to 115 ◦C in the heating process
(Figure 2). These results demonstrate that our N* LC particles were solid at room tempera-
ture, wherein the helical alignment of the mesogens in the N* LC phase was fixed within
the solid particles.

Table 1. General properties of the N* LC polymer particles.

Particle Molar ratio of CM (mol%) d (μm) Mn (Mw/Mn) Tg (◦C)

P1 2.4 2.5 15,000 (2.6) 36
P2 3.8 2.6 15,000 (2.6) 37

Abbreviations: d, average diameter; Mn, number-average molecular weight; Mw, weight-average molecular
weight; Tg, glass transition temperature during heating.

Microparticles with red (P1) and blue (P2) reflection colors were prepared by control-
ling the molar ratio of the CM (Figure 3a). Observations through CPL filters revealed that
right-handed CPL was reflected by N* LC particles (Figure 3b) [18]. As in our previous
report, we considered that the helical axes aligned radially within the particles, as evi-
denced by the Maltese cross-pattern observed using polarized optical microscopy (POM,
Figure 3c) [19]. The idealized molecular and helical axis alignments are schematically
illustrated in Figures 3d and 3e, respectively.

Figure 3. (a,b) Epi-illuminated micrographs of P1 (upper) and P2 (lower) without (a) and with CPL
filter (b). In (b), white circle-arrows show the handedness of light transmitted through the CPL filter.
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Scale bars represent 5 μm. (c) POM images of P1 and P2 dispersed in water. White arrows show
the direction of polarizers. Scale bars represent 1 μm. (d,e) Schematics of the idealized molecular
alignment (d) and the helical axis alignment (e) in the N* LC particles.

3.2. Retro-Reflection Behavior

We measured the retro-reflection spectra from a single layer of N* LC particles with
an incidence angle normal to the substrate surface using a coaxial optical fiber probe, as
shown in Figure 4a. In the obtained spectra, prominent bands were observed at 760 nm
for P1 and 480 nm for P2, along with several smaller bands at baseline (Figure 4b). The
wavelength of the major reflection peak varied with the molar ratio of the chiral agent,
indicating its association with the selective reflection from the particles. The bandwidth
of P1 was wider than that of P2 because the bandwidth of the reflection from the N* LC
was proportional to the helical pitch. The reflection bandwidth Δλref is determined by the
following equation when light is normally incident to the helical axis: Δλref = ΔnN* LC·P,
where ΔnN* LC is a birefringence of mesogen. Assuming that the birefringence is constant
in the wavelength range of visible light (400–800 nm), the Δλref depends on the value of
P. Therefore, P1 with the longer helical pitch, i.e., longer reflection wavelength, should
possess a wider reflection bandwidth than P2 with the shorter helical pitch. Thus, nearly
identical reflection wavelengths were previously reported in reflection spectroscopy using
an integration sphere (Figure S3) [19,20]. However, a detailed comparison between the
spectra obtained with the fiber probe and integration sphere revealed that the reflection
peak detected with the fiber probe was narrower, with a slight red shift. We attributed this
discrepancy to the characteristics of the optical setup employed for the measurements.

Figure 4. (a) Optical setup for measuring reflection spectra using the coaxial fiber probe. Black
and blue arrows indicate the incident and reflection light, respectively. (b) Reflection spectra of the
single-layered N* LC polymer particles, P1 and P2.

In measurements using the coaxial fiber probe, only the light reflected perpendicular
to the tangent of the particle, essentially parallel to the helical axis, can be detected. This
indicated that only specular reflections from the particles were captured, resulting in the
observation of narrow reflection bands. Conversely, omnidirectional reflections from the
particles at all solid angles were amalgamated in the measurements using the integrating
sphere. Consequently, the shorter reflection wavelengths stemming from the tilted helical
axis caused the reflection bands to broaden and shift toward the shorter end of the spectrum.
These findings strongly imply that the wavelength of light reflected by the particles is
contingent on the direction of the incident light.

The small bands observed at the baseline of the reflection spectra are interpreted
as interference fringes resulting from the densely packed single microparticle layer [29].
The peak wavelengths of the neighboring interference fringes (λi and λi+1, where i is a
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consecutive number of fringes) allow us to calculate the thickness of the layer, denoted as
d′, which can be theoretically estimated as follows:

d′ = λi · λi+1

2neff(λi − λi+1)
,

where neff is the effective refractive index of the packed structure, given by the following
equation [29]:

neff
2 = ψ nN* LC

2 + (1 − ψ) nair
2,

where ψ represents the packing density of the particles and nair is the refractive index
of air. When the particles are arranged in a single layer with a two-dimensional closest
packing structure, ψ is 0.61. nN* LC can be the same as that of a low-molecular-weight
liquid crystal with a chemical structure similar to monomer LCM, namely, 4′-pentyl-4-
biphenylcarbonitrile (n = 1.6) [30]. This implies that the neff can be estimated as 1.4. Using
this value and considering the periods of neighboring interference fringes in the reflection
spectra of P2, d′ was calculated to be 2.4 μm. This value closely corresponds to d, supporting
our hypothesis that the small peaks observed at the baseline are indeed interference fringes
from the microparticle layer. Based on these results, we confirmed that the microparticles
formed a single layer with the closest packing arrangement on the substrate.

3.3. Optical Functionalities under Different Incidence Angles

To investigate the dependence of the incidence angle on the wavelength of reflection
normal to the substrate, we conducted reflection spectra measurements using two uniaxial
fiber probes while varying the angle θ, as shown in Figure 5a. θ is defined as the angle
between the substrate and incident light. The fiber probe connected to the detector was
fixed perpendicular to the substrate. In the generally planarly aligned N* LC film, the
reflection angle corresponds to the incidence angle owing to specular reflection following
Bragg’s law. This implies that the back-reflection is not observed; thus, for the optical
setup in Figure 5a with discordance between incident and reflection angles against the
sample plane, the reflection peak should be extremely small or not be recorded, except at
θ = 90◦. However, as shown in Figure 5b, a reflection band was observed at all angles, even
when the incidence angle differed from the reflection angle. Furthermore, the reflection
wavelength shifted towards shorter wavelengths as θ decreased. According to Bragg’s
law, the reflection wavelength is determined by the angle between the incident light and
helical axis [27]. This geometric relationship is shown in Figure 5c. We anticipated that
the radial alignment of the helical axis would result in a distinctive reflection pattern,
where the incident and reflection angles would match at the tangent of the particle surface.
Following this expectation, the reflection wavelength is determined by the angle α between
the incident light and particle tangent (Figure 5c). In this illustration, the angle between the
incident light and the reflected light is 90◦ − θ. The angle between the normal to helical
axis and the reflected light is also α. Therefore, the relationship between θ and α can be
expressed as α + 90◦ − θ + α = 180◦. The relationship between α and θ is best described
as follows:

α = 45◦ + θ/2.

From this relationship and Bragg’s law, the reflection wavelength at each θ, λθ , was esti-
mated using the following equation [31]:

λθ = λ90◦ sin α.

The estimated and experimental values of λθ are plotted in Figure 5d, demonstrating a
close match between them. These findings indicate that the back-reflection wavelength of
N* LC particles varies depending on the incidence angle. Given that each particle exhibits
this angular-dependent back-reflection, it can be used as an ultracompact optical element.
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In addition, the N* LC particles showed right-handed CPL-selective reflections (Figure 3b).
Consequently, our N* LC particles can control the circular polarization, wavelength, and
direction of the incident light, even with a single element. Therefore, they can be used as
multifunctional optical elements, contributing to the miniaturization of optical devices,
including MEMS and microsensors.

Figure 5. (a) Optical setup for measuring reflection spectra with two uniaxial optical fiber probes.
Black and blue arrows indicate the incident light and reflection light, respectively. The θ (◦), an angle
between the incident light and substrate, varied while the fiber probe of the detector side was fixed
perpendicular to the substrate. (b) Reflection spectra of the N* LC polymer particles P1 (left) and
P2 (right) when θ changed. (c) Schematic of the reflection manner of the N* LC polymer particles.
α (◦) is an angle between the incident light and particle tangent. (d) θ dependence of the peak top of
reflection spectra in (b). The dashed line indicates the peak top estimated from the equation λθ = λ90◦

sin(45◦ + θ/2).

4. Conclusions

In this study, we synthesized N* LC microparticles via dispersion polymerization
and characterized their unique reflective functionalities. We measured the CPL reflec-
tion wavelength, which depended on the incidence angle, revealing the CPL-selective
angular-dependent back-reflection of the N* LC particles. This underscores their potential
as multifunctional optical elements for controlling the circular polarization, wavelength,
and direction of incident light. Notably, compared to the low-molecular-weight N* LC
droplets developed in recent years, our N* LC particles exhibited stability in the solid
state [23,31–34], augmenting their utility as ultrasmall optical elements. Furthermore,
liquid crystal materials have the potential to expand functionalities through stimuli re-
sponsiveness [35,36]. As such, our N* LC particles represent a significant advancement
in the field of versatile optical elements and offer a new avenue for designing compact
optical devices.

5. Patents

The methodology for generating the N* LC particles outlined in this paper was
filed as the following patents by Ritsumeikan University: JP 2020-139135A (2020) and
PCT/JP2022/019448 (2022).
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www.mdpi.com/article/10.3390/cryst13121660/s1: Figure S1: Size-exclusion chromatogram of P2.;
Figure S2: 1H NMR spectra of the monomers and P2.; Figure S3: Reflection spectra of the N* LC
polymer particles of P1 and P2 were measured with an integration sphere.; Table S1: Polymerization
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Abstract: Existing and future display and non-display applications of thermotropic liquid crystals
rely on the development of new mesogenic materials. Electrical measurements of such materials
determine their suitability for a specific application. In the case of molecular liquid crystals, their
direct current (DC) electrical conductivity is caused by inorganic and/or organic ions typically present
in small quantities even in highly purified materials. Important information about ions in liquid
crystals can be obtained by measuring their DC electrical conductivity. Available experimental reports
indicate that evaluation of the DC electrical conductivity of liquid crystals is a very non-trivial task
as there are many ambiguities. In this paper, we discuss how to eliminate ambiguities in electrical
measurements of liquid crystals by considering interactions between ions and substrates of a liquid
crystal cell. In addition, we analyze factors affecting a proper evaluation of DC electrical conductivity
of advanced multifunctional materials composed of liquid crystals and nanoparticles.

Keywords: liquid crystals; ions; nanomaterials; electrical measurements; electrical conductivity;
ion generation

1. Introduction

Tunable liquid crystal components can be found in numerous devices and commercial
products. They include ubiquitous liquid crystal displays [1–4], electrically controlled
lenses [5,6], waveguides [7,8], waveplates and filters [9,10], spatial light modulators [11],
diffractive elements [12,13], privacy windows and shutters [14–17], reconfigurable
meta- and plasmonic devices [18–20], intensity modulators and lasers [21–23], sensors [24],
and smart devices tailored to microwave and millimeter-wave applications [25–27]. As a
rule, such devices rely on the reorientation of liquid crystals under the action of applied
electric fields. This reorientation can be altered by ions typically present in molecular liquid
crystals in minute quantities [28–31]. In the simplest case, a standard electric field screening
effect caused by ions can result in unpredictable changes in the performance of liquid
crystal devices [28–31]. In addition, ions in molecular liquid crystals can result in extra
power losses due to the Joule heating effect. That’s why electrical measurements of any
new liquid crystal material are a standard part of its material characterization [32,33]. Last
but not least, the presence of ions in liquid crystal materials is important for understanding
the unusual behavior of ferroelectric nematic liquid crystals [34] and polymer stabilized
liquid crystals [35,36].

The importance of properly performed electrical measurements of liquid crystals was
emphasized in many papers [37,38]. Standard experimental techniques include dielectric
and impedance spectroscopy [39–42], transient current measurements [43,44], residual
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direct current (DC) voltage measurements [45,46], voltage holding ratio [45,47], and flicker
minimization methods [47]. A proper evaluation of the DC electrical conductivity of liquid
crystals is very critical because its value determines the suitability of mesogenic materials
for a particular application [32,33]. In a typical experimental setting, the measurements
of the electrical resistivity ρLC or its inverse, DC electrical conductivity λDC = 1/ρLC, are
routinely performed. As a rule, the DC electrical conductivity measurements of liquid
crystals are carried out using a sandwich-type cell of a single thickness. Only a few papers
report the values of the DC electrical conductivity and/or concentration of ions obtained
for cells of several thicknesses [38,40,48–52]. Even though the process of measuring the
ionic conductivity is rather straightforward, the reported values of the ionic conductivity
even of the same type of liquid crystals (as an example, consider a standard nematic 5CB)
can vary significantly (up to two orders of magnitude) depending on the cell thickness and
time [31,40,49]. To reduce this ambiguity, in evaluating the values of the DC electrical con-
ductivity of molecular liquid crystals it is important to consider interactions between ions
and substrates of the liquid crystal cell. Such interactions can result in the time-dependent
and thickness-dependent DC electrical conductivity of molecular liquid crystals [53–56].
Because systematic (i.e., combining experiment and modelling) studies of such ionic effects
are still rather rare, it is both interesting and important to study them in greater detail.

Future liquid crystal technologies rely on the development of advanced liquid crystal
materials. Mixing liquid crystals with nanomaterials is considered a promising way to
produce such multifunctional materials [57–61]. From both academic and industrial points
of view, it is crucial to study electrical properties of such materials. Research results ob-
tained by independent teams during the last two decades point to very non-trivial ionic
effects in liquid crystals doped with nanoparticles of different origins (ferroelectric [62–70],
magnetic [52,71–78], semiconductor and dielectric [79–87], carbon-based [88–98], and
metal [99–106], additional references can be found in recent topical reviews [31,107–109]). If
nanoparticles are added to liquid crystals, an analysis of the existing literature also reveals a
great variability of the reported values of ionic conductivity of seemingly similar materials
making the comparison of the reported results a very difficult task [31,107–109]. As a
result, a proper evaluation of the DC electrical conductivity of molecular liquid crystals
doped with nanoparticles is quite a challenging problem because its value can be sub-
stantially affected by interactions between ions, nanomaterials, and substrates of a liquid
crystal cell [53].

In this paper, we present an analysis of how interactions between ions, cell sub-
strates, and nanoparticles can affect the value of the DC electrical conductivity of molec-
ular liquid crystals in real experimental settings. We use already reported experimental
results [38,50,52,54,110] and analyze them from the same conceptual approach with a hope
that the presented analysis and suggestions would be useful for experimentalists measuring
electrical properties of liquid crystal materials. By discussing several experimental cases
in the framework of the Langmuir adsorption model, we point to the importance of the
following experimentally observed outcomes of such interactions: (i) interactions between
ions and substrates of a liquid crystal cell result in time dependence of the measured value
of the DC electrical conductivity; (ii) the measured value of the DC electrical conductivity
also depends on the cell thickness; (iii) under certain conditions, nanomaterials in molecular
liquid crystals can behave as sources of ions and exhibit behavior similar to that of weak
electrolytes. We also show that whenever nanoparticles are used to improve the functional-
ity of liquid crystals, a proper electrical characterization of such advanced materials should
consider the combined effect of interactions between ions, substrates, and nanoparticles.
We also describe how to decouple these processes in a typical experimental setting. In
addition, some suggestions to improve existing experimental procedures for the evaluation
of the DC electrical conductivity of liquid crystal materials are provided.

23



Crystals 2023, 13, 1093

2. Materials and Methods

The DC electrical conductivity was measured by applying a dielectric spectroscopy
method [38,42,111]. Sandwich-type cells of known thickness were filled with nematic liquid
crystals 5CB [54,110], MJ961180 [38,112], and 6CB [52]. Nematic liquid crystals 5CB were
used to analyze the time-dependent electrical conductivity. The dependence of the DC
electrical conductivity on the cell thickness was illustrated using nematic liquid crystals
MJ961180, and the combined effects of the cell thickness and iron-oxide nanoparticles
was studied in nematic liquid crystals 6CB. The cell thickness was controlled by means of
spacers. Indium–tin oxide substrates were covered with polyimide thin films to impose
either planar (5CB, MJ961180) or homeotropic (6CB) boundary conditions. Additional
experimental details can be found in papers [38,52,110].

The DC electrical conductivity λDC was found by measuring the electrical conductivity
λAC as a function of frequency f using an oscilloscopic technique (a version of impedance
measurements when a known alternating current (AC) voltage signal VAC of frequency
f is applied across a sample, and the current through a sample IAC is measured; in this
case, VAC, IAC, and a phase lag between them are measured using an oscilloscope. This
experimental setup allows us to perform the same type of electrical measurements as a
standard impedance analyzer (Figure 1)). By knowing geometric parameters of the cell
(its thickness and area), both dielectric permittivity and electrical conductivity can be
found [111]. In the intermediate range of frequencies (~102–104 Hz), the dependence of
the electrical conductivity on frequency can be approximated by a power law known as
Jonscher’s power law or the universal dielectric response:

λAC = λDC + A f m (1)

where A and m are empirical parameters [42,111].

Figure 1. Schematic diagram of an experimental setup.

An analysis of the reported experimental results [38,52,110] was performed in the
framework of the Langmuir adsorption model applied recently to molecular liquid crystals
containing ions and nanoparticles [109]. An essential feature of this model is the considera-
tion of the possibility of ionic contamination of the cell substrate and/or nanoparticles [109].
The details of this approach, its limitations, and its applicability to describe molecular
liquid crystals with ions and nanomaterials can be found in recent papers [109,113].

3. Time-Dependent DC Electrical Conductivity of Liquid Crystal Cells

The first case study is related to the role of interactions between ions and substrates
of the liquid crystal cell. In general, the liquid crystal substrates can act as a source of
ions (if they are contaminated with ions) or they can capture ions already present in liquid
crystals prior to filling an empty cell. In any real situation, we can expect a competition
between ion-capturing and ion-releasing processes [113]. Experimental results reported in
paper [110] allow us to analyze this competition between ionic processes in greater detail.
According to [110], an empty cell was irradiated with a UV light prior to filling it with
nematic liquid crystals 5CB. The source of UV light was a metal halide lamp (Panacol,
Steinbach, Germany). The light intensity was 8 mW/cm2. An ionizing UV light resulted in
a generation of ions on the substrates of an empty liquid crystal cell. An empty cell exposed
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to a UV light was filled with nematic liquid crystals 5CB and the DC electrical conductivity
was measured as a function of time (Figure 2a, circles). The observed non-monotonous time
dependence of the DC electrical conductivity can be explained in terms of the competition
between ion-releasing and ion-capturing processes [54]. Some ions already present in liquid
crystals (prior to filling an empty cell) are captured by the substrates of a liquid crystal
cell (Figure 2b, black curve (n1)). At the same time, ions present on the substrates of a
liquid crystal cell can be released into the liquid crystal bulk (Figure 2b, red curve (n2)).
The combination of ion-releasing and ion-capturing processes, shown in Figure 2b, results
in an experimentally observed non-monotonous dependence λDC(t) (Figure 2a).

Solid curves, shown in Figure 2, can be generated by applying Equations (2)–(4),
briefly discussed below (additional details can be found in paper [113]).

The DC electrical conductivity λDC of molecular liquid crystals is defined by Equation (2):

λDC = ∑
i

qiμini (2)

where qi = |e| = 1.6× 10−19C (i = 1, 2), n+
i = n−

i = ni is the volume concentration of ions
of type i (we use index “1” (i = 1) to denote ions (fully dissociated ionic species) present in
liquid crystals prior to filling an empty cell, and index “2” (i = 2) for ions generated by the
substrates of a liquid crystal cell; i = 1, 2), and μi = μ+

i + μ−
i is the effective ion mobility

of ions of type i (i = 1, 2). Interactions between ions of type i and substrates are described
by rate Equation (3):

dni
dt

= −ka±
Si ni

σSi
d

(
1 − Θ±

S1 − Θ±
S2
)
+ kd±

Si
σSi
d

Θ±
Si (3)

where the parameters ka±
Si and kd±

Si describe the time rate of ion-capturing and ion-releasing
processes, respectively, and quantities Θ±

Si stand for the fractional surface coverage of
substrates by the i-th ions (i = 1, 2). Parameter σSi is the surface density of all surface sites
on two substrates, and d is the cell thickness [113].

Equation (3) represents the conservation of the total number of ions of the i-th type:

n0i +
σSi
d

νSi = ni +
σSi
d

Θ±
Si (4)

where n0i is the initial concentration of ions of the i-th type in liquid crystals, and νSi is the
contamination factor of substrates [113].

Table 1. Parameters used to generate solid curves shown in Figure 2.

Physical Parameter Value

n01 9.36 × 1020 m−3

n02 0 m−3

σS1 1.6 × 1018 m−2

σS2 1.6 × 1018 m−2

kd±
S1

3.5 × 10−4 s−1

kd±
S2

1 × 10−3 s−1

KS1 = ka±
S1 /kd±

S1
8.5 × 10−24 m3

KS2 = ka±
S2 /kd±

S2
7.37 × 10−24 m3

νS1
0

νS2
6.325 × 10−3

μ1 1.92 × 10−10 m2/Vs

μ2 2.1 × 10−10 m2/Vs

d 13.5 μm
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Figure 2. Time-dependent DC electrical conductivity and ion densities of nematic liquid crystals. The
material parameters to generate solid curves are listed in Table 1. (a) Time-dependent DC electrical
conductivity of a liquid crystal cell filled with nematic liquid crystals 5CB. The cell thickness is
13.5 μm. Red circles represent experimental datapoints reported in paper [110], and solid curve is
a curve obtained by applying Equations (2)–(4). (b) The ion density of ions which were present in
liquid crystals prior to filling an empty cell (n1) and ions originated from the cell substrates (n2)
plotted as a function of time.

Solid curves, shown in Figure 2b, were generated by applying Equations (2)–(4) and
using material parameters listed in Table 1. Figure 2b also reveals the presence of two
characteristic time constants describing the ion-capturing (τ1 = 23.7 min) and ion-releasing
(τ2 = 8.9 min) processes.

The results shown in Figure 2 suggest the adoption of the following experimental
procedure for electrical measurements of liquid crystals. It is a good practice to record
the time when an empty cell was filled with liquid crystals, and to measure the electrical
conductivity as a function of time.

It should be noted that the model used to analyze the behavior of the DC electrical
conductivity (Equations (2)–(4)) is elementary and has its limitations. Additional studies are
required to uncover the mechanisms of ion generation in liquid crystal materials and liquid
crystal substrates exposed to UV irradiation. Only a very limited number of publications
can be found on this topic [114–116].

4. Steady-State DC Electrical Conductivity as a Function of the Cell Thickness

Equations (3) and (4) depend on the cell thickness. As a result, it can be expected that
even a steady-state value of the DC electrical conductivity depends on the cell thickness.
Indeed, the dependence of the DC electrical conductivity on the cell thickness was discussed
in several papers [38,50]. Experimental results discussed in papers [38,50] were presented
as a relative change in the DC electrical conductivity, ΔλDC/λDC. Figure 3a shows an absolute
value of the steady-state DC electrical conductivity of nematic liquid crystals MJ961190
plotted as a function of the cell thickness.
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Table 2. Parameters used to generate solid curves shown in Figure 3.

Physical Parameter Value

n01 1.5 × 1019 m−3

n02
0 m−3

σS1
3.6 × 1018 m−2

σS2
0.75 × 1016 m−2

KS1 = ka±
S1 /kd±

S1
4.0 × 10−24 m3

KS2 = ka±
S2 /kd±

S2
5.0 × 10−24 m3

νS1
0

νS2
2.5 × 10−2

μ1
2.5 × 10−9 m2/Vs

μ2
5.0 × 10−10 m2/Vs

Figure 3. The dependence of the steady-state DC electrical conductivity and ion densities of nematic
liquid crystals MJ961190 on the cell thickness. The material parameters to generate solid curves are
listed in Table 2. (a) The dependence of the DC electrical conductivity of nematic liquid crystals
MJ961190 on the cell thickness. (b) The dependence of the ion density of ions which were present in
liquid crystals prior to filling an empty cell (n1) and ions originated from the cell substrates (n2) on
the cell thickness.

The observed non-monotonous dependence λDC(d) (Figure 3a) can be explained by
considering the presence of two processes (ion capturing and ion releasing) modeled in
Figure 3b. Ions present in liquid crystals prior to filling an empty cell (their ion density is n1)
are captured by the surface of the cell substrates. This ion-capturing effect becomes weaker
(i.e., the concentration n1 increases) as the cell gap increases (Figure 3b, black curve (n1)).
Once an empty cell is filled, ions originated from contaminated substrates are released into
the bulk of liquid crystals. This ion-releasing effect is stronger in the case of thinner cells
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and becomes weaker if thicker cells are used (in other words, the ion density n2 decreases
when the cell gap increases (Figure 3b, red curve (n2))).

Solid curves, shown in Figure 3, were generated by solving Equations (2)–(4), assuming
steady-state conditions (dni/dt = 0). Material parameters are listed in Table 2.

It should be stressed that the range of available experimental datapoints shown in
Figure 3 is limited. The smallest cell thickness is 4 μm. Even though theoretical curves
show the dependence of the electrical conductivity starting from the thickness of 1 μm, an
elementary model used in this paper can reach its limits and may require some modifica-
tions in the case of very thin cells. In addition, for thicker cells (>100 μm), the quality of
alignment can affect the measured values of electrical conductivity because of its anisotropy.
Even though all studied samples were inspected under crossed polarizers to verify their
planar alignment, the alignment quality of thicker cells gradually decreases with increases
in the cell thickness.

Figure 3 allows us to suggest the following improvements to existing experimental
procedures for evaluations of the DC electrical conductivity. Even in a steady-state regime,
the value of the DC electrical conductivity should be measured using cells of several
thicknesses to obtain an idea about possible ionic processes in such systems.

5. Steady-State DC Electrical Conductivity of Nematic Liquid Crystals 6CB Doped
with Iron Oxide Nanoparticles

If nanoparticles are used to modify the properties of liquid crystals, the evaluation of
the DC electrical conductivity becomes more challenging because ions can interact with
both nanoparticles and substrates of the cell. Moreover, nanoparticles can also act as a
source of ions due to their uncontrolled ionic contamination [117]. Under certain conditions,
nanomaterials contaminated with ions can behave in molecular liquid crystals in a similar
way as weak electrolytes do [117]. As a result, to obtain deeper insight into the origin of
ionic processes in such systems, it is important to measure the DC electrical conductivity
as a function of the concentration of nanoparticles and as a function of the cell thickness.
While the former aspect of experimental research was addressed in many publications
(references to original publications can be found in topical review [31]), the latter issue
remains practically unexplored [52]. Therefore, it is interesting and instructive to apply the
same Langmuir adsorption model to analyze recently reported experimental data obtained
for nematic liquid crystals 6CB doped with iron oxide nanoparticles [52].

In this case, to account for nanoparticle-induced ionic processes, Equations (3) and (4)
can be modified by adding new terms responsible for both ion capturing and ion releasing
by nanoparticles (Equations (5) and (6)) [113]:

dni
dt

= −ka±
Si ni

σSi
d
(
1 − Θ±

S1 − Θ±
S2
)
+ kd±

Si
σSi
d

Θ±
Si − ka±

NPininNP ANPσNP
Si

(
1 − Θ±

NP1 − Θ±
NP2

)
+ kd±

NPinNPσNP
Si ANPΘ±

NPi (5)

n0i +
σSi
d

νSi + nNP ANPσNP
Si νNPi = ni +

σSi
d

Θ±
Si + nNP ANPσNP

Si Θ±
NPi (6)

where the subscript “NP” refers to nanoparticles, and ANP is the surface area of a sin-
gle nanoparticle.

Experimental datapoints and theoretical curves computed by applying Equations (2), (5),
and (6) are shown in Figure 4. Figure 4 indicates that for a given cell thickness, measure-
ments of the DC electrical conductivity as a function of the concentration of nanoparticles
can reveal whether nanomaterials act as ion-capturing or ion-generating objects. In the
case shown in Figure 4, nanoparticles behave as ion-generating objects. It should be noted
that the ion-releasing effect becomes more pronounced for thicker cells (Figure 4, red curve
(50 μm thick cell)) and weakens if thinner cells are used (Figure 4, black curve (5 μm thick
cell)). This fact can be explained in the following way. The substrates of a liquid crystal cell
can capture only a limited number of ions released by nanoparticles. As a result, as the cell
thickness increases, the ion density of ions brought by contaminated nanoparticles into a
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liquid crystal host also increases and leads to the increase in the electrical conductivity, as
is evidenced from Figure 4.

Table 3. Parameters used to generate solid curves shown in Figures 4 and 5.

Physical Parameter Value (5 μm Thick Cell) Value (50 μm Thick Cell)

n01 2.5 × 1020 m−3 2.5 × 1020 m−3

n02 0 m−3 0 m−3

σS1 2.0 × 1018 m−2 2.0 × 1018 m−2

σS2 1.0 × 1018 m−2 1.0 × 1018 m−2

σNP1 2.0 × 1018 m−2 2.0 × 1018 m−2

σNP2 1.0 × 1018 m−2 1.0 × 1018 m−2

KNP1 = ka±
NP1/kd±

NP1 2.0 × 10−24 m3 2.0 × 10−24 m3

KNP2 = ka±
NP2/kd±

NP2 3.0 × 10−25 m3 3.0 × 10−25 m3

KS1 = ka±
S1 /kd±

S1 1.0 × 10−24 m3 1.0 × 10−24 m3

KS2 = ka±
S2 /kd±

S2 6.0 × 10−24 m3 6.0 × 10−24 m3

νS1 0 0

νS2 0 0

νNP1 0 0

νNP2 0.7 × 10−3 3.2 × 10−3

μ1 6.32 × 10−10 m2/Vs 6.32 × 10−10 m2/Vs

μ2 12.64 × 10−10 m2/Vs 12.64 × 10−10 m2/Vs

RNP 2.5 nm 2.5 nm

Figure 4. The dependence of the steady-state DC electrical conductivity of nematic liquid crystals
6CB on the weight concentration of iron oxide nanoparticles. The measurements were carried out
using thin (5 μm) and thick (50 μm) cells. The material parameters to generate solid curves are listed
in Table 3. Experimental datapoints are from paper [52].

Figure 5 offers additional insights into the ionic effects observed in liquid crystals 6CB
doped with iron oxide nanoparticles. The concentration of ions which were present in
liquid crystals prior to doping them with nanoparticles (n1) decreases as the concentration
of nanoparticles increases (Figure 5, black curves (n1)). This is caused by the ion-capturing
effect (nanoparticles capture ions). In addition, some fraction of such ions become trapped
by the substrates of a cell. Figure 5a,b indicate that, in the case of ions which are inherently
present in liquid crystals, the ion-capturing effect due to nanoparticles is much stronger
than the ion-capturing effect due to the substrates for thicker cells (in this case, a noticeable
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decrease in the ion density n1 begins at lower values of the weight concentration of nanopar-
ticles ωNP). Figure 5 also shows that nanoparticles also act as a source of a new type of
ions in liquid crystals (Figure 5, red curves (n2)). The concentration of ions generated by
nanoparticles (n2) increases as the concentration of nanodopants increases (Figure 5, red
curves (n2)). Interestingly, this increase becomes weaker if thinner cells are used because
ions released by contaminated nanoparticles become trapped by the surfaces of the liquid
crystal cell. According to Figure 5, in the case of a 50 μm-thick cell the concentration of ions
generated by nanoparticles is nearly one order of magnitude greater than that in the case of
a 5 μm-thick cell.

Figure 5. The dependence of the steady-state value of ion densities in nematic liquid crystals 6CB
doped with iron oxide nanoparticles on the weight concentration of nanoparticles. The material
parameters to generate solid curves are listed in Table 3. (a) The dependence of the ion density
n1 (ions which were present in liquid crystals prior to mixing them with nanoparticles) and of
the ion density n2 (ions originated in liquid crystals due to the ionic contamination of iron oxide
nanoparticles) on the weight concentration of nanoparticles. The cell thickness is 5 μm (thin cell).
(b) The dependence of the ion density n1 (ions which were present in liquid crystals prior to mixing
them with nanoparticles) and of the ion density n2 (ions originated in liquid crystals due to the ionic
contamination of iron oxide nanoparticles) on the weight concentration of nanoparticles. The cell
thickness is 50 μm (thick cell).

It is interesting to comment on the values of material parameters used to generate
solid curves shown in Figures 4 and 5. The values of all parameters listed in Table 3 are
kept the same (for 5 μm and 50 μm thick cells) except for the value of the contamination
factor of nanoparticles (its values it still on the order of 10−3 for both cases). Minor changes
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in the preparation process of liquid crystals doped with nanoparticles can result in some
changes in the level of ionic contamination of nanoparticles.

Figures 4 and 5 can be used for improving experimental procedures for assessing DC
electrical conductivity of liquid crystals doped with nanoparticles. The ion-capturing and
ion-releasing processes caused by interactions between ions, substrates, and nanoparticles
can result in dependence of the DC electrical conductivity on the cell thickness and on the
concentration of nanoparticles. The use of relatively thin cells can hinder the strength of
nanoparticle-induced ion-capturing or ion-releasing effect. To reveal the effect of nanoparti-
cles on the electrical conductivity of liquid crystals not affected by the substrates, thicker
cells should be used.

6. Conclusions

The results presented in this paper have important practical implications. If an experi-
mentalist is aimed at improving experimental procedures for evaluating the DC electrical
conductivity of liquid crystal materials several factors should be considered. In the case
of undoped liquid crystal materials, interactions between ions and substrates of a liquid
crystal cell can results in time-dependent electrical conductivity (Figure 2). Moreover, the
DC electrical conductivity also depends on the cell thickness even if a steady state is reached
(Figure 3). Therefore, it is advisable to record the time when an empty cell is filled with
liquid crystal materials and measure the electrical conductivity as a function of time until a
steady state is reached. Such measurements can provide valuable information about ionic
processes in liquid crystal materials and to what degree the DC electrical conductivity is
affected by the cell substrates. Time-dependent experiments can also reveal whether the cell
substrates act as a source of ion generation or a source of ion capturing. Additional insight
into the ionic phenomena in liquid crystals can be obtained by measuring the dependence
of the DC electrical conductivity on the cell thickness. Such measurements can identify a
range of cell thicknesses corresponding to the situation when interactions between ions
and cell substrates can alter the DC electrical conductivity of liquid crystals and the range
of cell thicknesses which do not alter the DC electrical conductivity.

In the case of liquid crystals doped with nanomaterials, a proper evaluation of the DC
electrical conductivity of such systems can be obtained by varying both the concentration
of nanoparticles and the cell thickness (Figures 4 and 5). To understand the variations in the
measured values of the DC electrical conductivity, interactions between ions, nanoparticles,
and substrates of liquid crystal cells should be considered. It is important to realize the
dual (both ion capturing and ion releasing) role played by the substrates and nanoparticles.
The use of thin cells can hinder the effect of nanoparticles on the electrical conductivity
of liquid crystals. To mitigate this effect, thicker cells can be used. At the same time, the
alignment quality should also be considered because it can set a limit on the maximum
value of the cell thickness.

An adoption of the proposed suggestions could help reduce or even eliminate ambi-
guities in electrical measurements of liquid crystal materials performed by independent
research groups around the globe.
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Abstract: The classical polarimetric method has been widely used in liquid crystal on silicon (LCoS)
phase measurement with a simple optical setup. However, due to interference caused by LCoS
cover glass reflections, the method lacks accuracy for phase uniformity measurements. This paper is
aimed at mathematically analyzing the errors caused by non-ideal glass reflections and proposing
procedures to reduce or eliminate such errors. The measurement is discussed in three conditions,
including the ideal condition with no reflections from the LCoS cover glass, the condition with only
the front reflection from the cover glass, and the condition with only the back reflection from the
cover glass. It is discovered that the backward reflection makes the largest contribution to the overall
measurement error, and it is the main obstacle to high-quality measurements. Several procedures,
including optical alignment, LC layer thickness measurement, and phase estimation method, are
proposed, making the uniformity measurement more qualitative and consistent.

Keywords: liquid crystal on silicon; phase uniformity measurement; classical polarimetric method;
interference

1. Introduction

Liquid crystal on silicon spatial light modulators (LCoS-SLMs) are devices used to
perform spatial modulation of the light wavefront, and they have been commonly used
in a wide range of applications, including holographic displays and others [1]. Phase-
only LCoS-SLM requires an accurate spatial phase response, which describes the phase
uniformities and linearity across the whole active area [1–3].

Multiple research groups [4–6] have presented interferometry methods to measure
and calibrate the reflected wavefront from LCoS-SLMs, and such methods have become the
preferred choice for measuring the LCoS phase uniformity whenever available. Figure 1
shows one of the possible optical setups for the interferometry measurement of the LCoS
wavefront [5]. However, due to the nature of interferometry, these methods usually require
a highly stable environment with minimal vibration and ambient light [7–9], which is not
always available in every circumstance.

Figure 1. Interferometry method setup for phase uniformity measurement (P, polarizer, NPBS,
non-polarizing beam splitter, AP, aperture, M, reference flat mirror).
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In this paper, we evaluated the classical polarimetric method [10–13] to validate its
application in the measurement of the non-uniform phase response of LCoS-SLMs. The
method can measure the absolute phase retardation and phase flicker at any region of the
active area, while it only requires basic equipment, as demonstrated in Figure 2, as well as
a normal lab test environment without ambient light controlling. The classical polarimetric
method is an indirect measurement of phase retardation. It measures the relation between
output light intensity I and input gray level GL, and it calculates phase retardation Γ based
on normalized intensity Inorm. Such a setup is not sensitive to vibrations, and by measuring
the normalized light intensity in the output, the effect of ambient light is mostly eliminated.

Figure 2. Basic optical setup for polarimetric method (P, polarizer, NPBS, non-polarizing beam
splitter, AP, aperture, TS, translation stage, PD, photo detector).

The measuring process divides the whole active area of the tested LCoS device into
a grid of regions, and in each region, the classical polarimetric method is performed to
acquire its phase response [13]. A two-axis linear translation stage is used to traverse all
regions. By combining the results from all regions, a distribution of the phase response
could be calculated. Additionally, to ensure consistent measurements, the LCoS device was
also kept at a stable temperature during the whole process.

However, there are some disagreements between ideal conditions in theory and actual
test environments in practice, especially when anti-reflection (AR) coating is not present.
Figure 3a shows an actual uniformity measurement from one of our LCoS devices with the
setup shown in Figure 2, and the rippled result is clearly not what could be expected in an
LCoS assembly [14,15], and it does not provide a solid foundation for the calibration process.

Figure 3. Problematic phase measurement due to non-ideal factors: (a) phase measurement result;
(b) interference pattern of extraordinary light on the LCoS device.

During this experiment, we found that the pattern appearing in the phase result
shared close similarity with the interference pattern observed on the LCoS device, shown
in Figure 3b. According to this outcome, we were investigating a relationship between
the error pattern and the reflections on the cover glass of the LCoS device with analytical
modeling and simulation and comparing them with more detailed experiments.

Our work is aimed at analyzing and addressing the error caused by glass reflections
to make the polarimetric method a more viable means for LCoS phase uniformity mea-
surement. By considering the glass reflections and choosing unaffected data points, our
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improved measuring method could better compensate for the error caused by glass re-
flections, thus achieving a more accurate phase uniformity measurement compared to the
original classical polarimetric method.

2. Materials and Methods

The polarimetric method used in this paper is based on the work by
Márquez, A. et.al. [10,11], which used a single collimated laser beam passing through
polarizer P1, LCoS (as a waveplate), and polarizer P2 in order, and it calculated the phase
retardation by measuring the transmitted laser intensity. The basic principle of the polari-
metric method is demonstrated in Figure 4, with the slow axis of the waveplate defined as
the X-axis.

Figure 4. Principle of the polarimetric method (P, polarizer, WP, waveplate).

2.1. Basic Polarimetric Method

To obtain the relationship between the phase retardation of the LCoS device and the
transmitted light intensity, some theoretical development is needed. The detailed derivation
process with Jones calculus under ideal condition can be found at [10,11]. This sub-section
only discusses the parameter definitions and the final conclusion as a foundation for
later analysis.

First, the induced phase difference of ordinary light and extraordinary light after
passing through the LCoS device are marked as ϕo and ϕe f f , which correspond to their
optical path lengths (OPLs) respectively. The liquid crystal (LC) is assumed to be a positive
birefringence material, where ϕe f f > ϕo is always true.

The formulas below define ϕo, ϕe f f , and phase retardation Γ, where no(λ) and ne f f (λ)
are the effective refractive indices of LC material at the wavelength λ, and d is the distance
that light travels through the liquid crystal, which is double the thickness of the LC layer in
this LCoS device. Tilting of the LC molecule is considered in ne f f (λ), which indicates the
effective refractive index on the slow axis of the LCoS device.

ϕo =
2π · no(λ) · d

λ
(1)

ϕe f f =
2π · ne f f (λ) · d

λ
(2)

Γ = ϕe f f − ϕo =
2π ·

(
ne f f (λ)− no(λ)

)
· d

λ
(3)

For the simplicity of the calculation, the orientation of the slow axis of the LCoS device,
which is the polarization orientation of the extraordinary light, is defined as the X axis. The
Jones matrix of the LCoS device W

(
ϕe f f , ϕo

)
can be written as follows:

W
(

ϕe f f , ϕo

)
=

[
eiϕe f f 0

0 eiϕo

]
(4)
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At the same time, the Jones matrix of the polarizer P(θ) can be written as follows,
where θ is the angle between its transmissive axis and X-axis defined above.

P(θ) =
[

cos2θ cosθsinθ

cosθsinθ sin2θ

]
, θ ∈

(
−π

2
,

π

2

)
(5)

For the simplicity of the calculation again, the light intensity of the laser beam after
polarizer P1 is marked as Iin. When θ1 and θ2 are orthogonal to each other, which means
θ1 − θ2 = ±π

2 , Iout can be calculated as:

Iout =
Iin
2

sin2(2θ1) · (1 − cosΓ) (6)

As can be seen, Iout can always be normalized into Inorm, which is only related to
phase retardation Γ. As a result, Γ can be calculated from normalized light intensity Inorm
during measurement:

Inorm =
1
2
(1 − cosΓ) (7)

Γ = acos(1 − 2Inorm) (8)

Under ideal conditions in which the reflection from the LCoS cover glass is ignored,
and all optical components, including the laser beam and polarizers, are perfectly aligned,
the measurement is guaranteed to be error-free.

2.2. Reflections on the LCoS Cover Glass

All the discussion and math formulas in Section 2.1 are based on an ideal modeling of
the optical system. It is assumed that all the incident light is modulated by the LC layer
exactly twice, including once inward and once outward. However, this case usually does
not apply in real-life practice.

In practice, part of the incident light would be reflected without modulation from the
LC layer, while part of the remaining light can be modulated multiple times [16]. Such
un-modulated or over-modulated reflection mainly comes from the surface reflection of
the cover glass, and the intensity of this reflection is usually around 8% on an uncoated
air-glass-air surface, and somewhere between 4% and 8% on an air-glass-LC surface [17,18].
Figure 5 considers three different reflection paths in the LCoS device as the example, with
no modulation, normal modulation, and double modulation, respectively.

Figure 5. Different reflection paths in the LCoS device: (a) front reflection; (b) ideal condition; (c) back
reflection. Glass thickness is shown in this figure but ignored in calculation.
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The corresponding waveplates in each case are marked as W0, W1, and W2, and their
respective Jones matrices are shown as below. The mirroring effect caused by reflection is
ignored since, in every case, the reflection count is an odd number.

W0

(
ϕe f f , ϕo

)
=

[
1 0
0 1

]
(9)

W1

(
ϕe f f , ϕo

)
=

[
eiϕe f f 0

0 eiϕo

]
(10)

W2

(
ϕe f f , ϕo

)
=

[
ei·2ϕe f f 0

0 ei·2ϕo

]
(11)

To model the glass reflection of the LCoS device, transmittance and reflectivity of
the cover glass are defined. To simplify the model, the glass thickness is ignored, and
reflections from all surfaces of the cover glass are treated as a single surface reflection,
as the coherent length of laser in this experiment can be treated as infinite compared to
the thickness of the cover glass. As a result, the single surface reflectivity is equal to the
combined interference result of all the separated surfaces and its phase as a reference zero
point. The glass absorption is ignored in all cases.

When the light is traveling from air toward LC (air-glass-LC), the transmittance of
the cover glass is marked as A and the reflectivity as (1 − A). With the same principle,
when the light is traveling from LC toward air (LC-glass-air), the transmittance of the cover
glass is marked as B and the reflectivity as (1 − B). These two reflections are named front
reflection (case W0 in Figure 5) and back reflection (case W2 in Figure 5) for simplicity. To
simplify the expressions, A and B can be rewritten as:

A = cos2α, 1 − A = sin2α (12)

B = cos2β, 1 − B = sin2β (13)

These non-ideal reflections in W0 and W2 could cause systematic errors in the phase
measurement of actual LCoS devices, with their principles illustrated in Appendix A. Such
errors are further discussed with mathematical derivation and simulated experiments in
subsequent subsections.

Simulations in the following sections are based on an 8-bit vertical-aligned (VA) LCoS
device with an average LC layer thickness of 6 μm,and LC material with a refractive index
of no = 1.49 and ne = 1.60. Both front and back reflectivity were set to 5% unless specified
otherwise, and a collimated 635 nm laser source with infinite coherence length was used.
The non-uniform LC layer thickness was simulated by a spherical CMOS backplane with a
curvature of 100 m, giving a peak–peak difference of 478 nm across its 12.3 mm × 6.9 mm
active area. The thickness and non-uniformity of the LC layer were slightly amplified
compared to a more common thickness of 3 μm and peak–peak difference of 100 nm [14] to
emphasize the effect of glass reflection.

2.3. Theory and Analysis with Un-Modulated Front Reflection

In this subsection, only the front reflection of the cover glass is considered, which
means that only W0 and W1 are included. W2 is temporarily ignored in this subsection for
simplicity reasons.

The Jones matrix of the LCoS device should be rewritten as:

W ′
(

ϕe f f , ϕo, α
)
= cosα·W1

(
ϕe f f , ϕo

)
+ sinα · W0

(
ϕe f f , ϕo

)
=

[
eiϕe f f cosα + sinα 0

0 eiϕo cosα + sinα

] (14)
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Further, the complex amplitude of the transmitted light can be calculated with

E′
out = P(θ2)W ′

(
ϕe f f , ϕo, α

)√
Iin

[
cosθ1
sinθ1

]
(15)

The transmitted light intensity I′out changes into the following form:

I′out = Iin ·
∣∣∣(eiΓcosθ1cosθ2 + sinθ1sinθ2

)
eiϕo cosα + cos(θ1 − θ2)sinα

∣∣∣2 (16)

Note the newly appeared term cos(θ1 − θ2) · sinα on the right side. Apparently, either
when the orthogonal relation between θ1 and θ2 is satisfied or the reflectivity sin2α equals to
zero, the above expression would degenerate into the form obtained in Section 2.1, and the
calculation should be error-free under this circumstance. This outcome is understandable,
as the reflected component from W0 has the same polarization state as polarizer P1 and
should be filtered out by the second polarizer P2.

For example, when θ1 and θ2 are orthogonal to each other, and the transmittance of
the cover glass A = cos2α is less than 1, I′out can be expressed as follows:

I′out =
Iin
2

cos2(α) · sin
2
(2θ1) · (1 − cosΓ) (17)

However, in cases in which θ1 and θ2 are not orthogonal, and transmittance A is less
than 1, the light intensity I′out cannot be transformed into a simple form. In this case, the
final output intensity is not only related to the phase retardation Γ but also related to the
optical path difference ϕo, and it is no longer possible to calculate the phase retardation Γ
with normalized output intensity I′norm.

Considering that the reflectivity of the LCoS device is usually not controllable during
the measurement, the proper alignment of the polarization orientation can be very impor-
tant in this scenario. One possible source of such misalignment is the non-polarizing beam
splitter (NPBS) used in this setup, which can bring up to 10◦ of polarization angle change
and a certain amount of linearity degradation [19]. A possible solution to this problem is
further discussed in Appendix A.

2.4. Theory and Analysis with Double-Modulated Back Reflection

In this case, only the back reflection of the cover glass is considered, which means
only W1 and W2 are included, and W0 is assumed to have been already corrected by the
orthogonal polarizer pair, which means θ1 − θ2 = ±π

2 is already satisfied, and light from
the front reflection will not pass through the second polarizer P2. W0 is ignored in the math
derivations but still included in the simulations. Note that W0 is ignorable only when P2
is orthogonal to P1 in this measuring process, which is not the case when LCoS is used
in actual applications, such as holographic displays or wavelength selective switches, in
which only extraordinary light is present [20,21].

The Jones matrix of the LCoS device should be rewritten as:

W ′′
(

ϕe f f , ϕo, β
)
= cosβ·W1

(
ϕe f f , ϕo

)
+ sinβ · W2

(
ϕe f f , ϕo

)
=

[
eiϕe f f cosβ + ei·2ϕe f f sinβ 0

0 eiϕo cosβ + ei·2ϕo sinβ

]
(18)

Moreover, the transmitted light can be calculated as:

E′′
out = P(θ2)W ′′

(
ϕe f f , ϕo, β

)√
Iin

[
cosθ1
sinθ1

]
(19)
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By applying the above assumed θ1 − θ2 = ±π
2 , the expressions for transmitted light

intensity can be simplified into:

I ′′ out =
1
4

sin2(2θ1) · Iin ·
∣∣∣(eiΓ − 1

)
eiϕo cosβ +

(
ei·2Γ − 1

)
ei·2ϕo sinβ

∣∣∣2 (20)

As can be seen, only if the reflectivity sin2β equals zero does the above expression
for I′′out degenerate into the form of Iout in Equation (6), and it can be normalized into
I′′norm = (1 − cosΓ)/2. However, when the reflectivity cannot be ignored, I′′out − Γ relation
is additionally affected by the changing interference caused by double-modulation, and
no longer follows the ideal sine-wave shape. Only when the phase retardation satisfies
Γ = 2kπ, k ∈ Z can the distorted I′′out agree with its undistorted form Iout at its minimum
value point. This finding indicates that only phase at Γ = 2kπ, k ∈ Z can be correctly
measured. Note that, when Γ = (2k + 1)π, k ∈ Z, although the form of I′′out agrees with
Iout, it does not reach its maximum value due to the constructive interference next to this
location, and the actual phase cannot be calculated at this point.

Figure 6a shows a simulation of the relation between I′′out and input gray level
(GL) in one of the regions, while Figure 6b shows the change in average and peak–peak
measurement error across the whole active area. An obvious relation between error and
I′′out can be seen, that is, when I′′out reaches its minimum value, the measurement error also
reaches its minimum, and the average phase can be viewed as error-free. This discovery is
critical for the uniformity retrieving method discussed in the next subsection, which allows
for uniformity calculation based on these error-free points at Γ = 2π.

Figure 6. Simulation of the effect from 5% back reflection on I′′out and phase error: (a) I′′out − GL
relation; (b) peak and average phase error across the active area.

Note that the average measurement error across the active area is related to the LC
layer thickness non-uniformity such that, when the thickness non-uniformity is greater,
both positive error and negative error would appear and cancel each other out in the
average value, while when the thickness non-uniformity is smaller, positive and negative
errors are less likely to be balanced, and the average error would be greater and closer to
the peak error.

2.5. Retrieving LCoS Uniformity from the Data Affected by Back Reflection

To address this error caused by back reflection and to obtain the correct uniformity
data, the known error-free point at Γ = 2kπ, k ∈ Z can be utilized. Since the average phase
result at this point can also be viewed as error-free, it is possible to retrieve the actual phase
uniformity based on this set of data, assuming that the non-uniformity of phase response is
solely determined by the non-uniformity of LC layer thickness. Additionally, in case the
LC refractive indices no(λ) and ne(λ) are known, and the maximum phase retardation can
be reached at maximum GL, the uniformity of ϕo and the LC layer thickness could also be
calculated. Figure 7 demonstrates the basic principle of this process with simulation data
obtained in Section 2.4.
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Figure 7. Basic principle of the LCoS uniformity extraction process: (a) locate the error-free point
in the measured intensity curve of a specific region as GL2π ; (b) calculate the average phase of the
whole active area at GL2π and max GL; (c) estimate the LC layer thickness in this region; (d) repeat
for all regions and acquire the uniformity result.

For each measured region, we first find the designated low point where I′′out reaches
its minimum value, and the phase retardation is 2π. We mark the gray level at this point as
GL2π . This low point should be the closest one to the zero phase retardation point, which
should be the first low point after zero driving voltage for a common vertical-aligned LCoS
(VA-LCoS) and the last low point before max driving voltage for common parallel-aligned
LCoS (PA-LCoS) [22].

Then, we find the average measured phase of the whole active area at the max phase
retardation point as Γmax, and the average measured phase across the whole active area at
GL2π as Γ(GL2π). Note that both Γmax and Γ(GL2π) are calculated from the original faulty
result. The full phase retardation in this region can be approximately calculated as follows,
assuming that the average error of the phase measurement at GL2π is much smaller than
the peak error, as demonstrated in Figure 6b.

Γmax = 2π · Γmax/Γ(GL2π) (21)

Since we have assumed that the phase retardation is only related to LC layer thickness,
the thickness can be calculated by multiplying phase retardation by λ/(2π · no(λ)), and
the final expression of LC layer thickness d/2 at this location can be written as:

d/2 ≈ 1
2
· Γmax

Γ(GL2π)
· λ

ne(λ)− no(λ)
(22)

Repeating such processes for all regions of the LCoS active area, we can then acquire a
uniformity map of the LC layer thickness on this LCoS device.

3. Results

3.1. Results of the Front Reflection

According to the theory and modeling in Section 2.3, a simulated measurement when
the second polarizer P2 is misaligned by 10 degrees is calculated, as demonstrated in
Figure 8. Ripple-shaped measurement error can be seen in the result.
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Figure 8. Simulated result when the polarizers are misaligned by 10 degrees: (a) actual phase in π;
(b) measured phase in π; (c) measurement error in π.

Figure 9 shows the result of a measured phase uniformity on an LCoS device. The
polarization orientation was properly aligned in Figure 9a, while Figure 9b presents the
result when the orientation was misaligned by 8 degrees due to NPBS distortion. Similar
patterns could be seen compared to the simulated result in Figure 8, and the amplitude of
measurement error was also in line with the simulation. However, since the amplitude
of this error caused by the front reflection was very small (usually less than ±0.02π), it
could easily be confused with other noises in the measurement process, especially when
the phase flicker was large. The conclusion by Martínez et al. in their demonstration
of the classical polarimetric method, stating that high quality NPBS does not present a
considerable difference in LCoS phase measurement [11], can be confirmed according to
our simulations and experiments.

Figure 9. Real-life LCoS phase measurement: (a) measured phase in π with correct alignment;
(b) measurement error in π, with 8◦ of P2 misalignment.

3.2. Results of the Back Reflection

As discussed and analyzed in Section 2.4, the results when back reflection is present
should be discussed in two separate parts, with one part focusing the gray level where
maximum error occurs, and another part focusing the gray level where only minimum
error occurs.

Figure 10 demonstrates the simulated worst-case scenario, when I′′out and the mea-
surement error are at the maximum, as indicated in Figure 10a. Compared to the real phase
in Figure 10b, the measured phase distribution in Figure 10c shows a clear ripple-shaped
error pattern, and the phase error can reach up to ±0.25π, as demonstrated in Figure 10d,
completely invalidating the measurement result. The error pattern shows a clear periodical
relation with the LC layer thickness, resulting in a rippled shape.

Notice that the max amplitude of such a phase measurement error has a positive
relationship with the reflectivity of the cover glass. According to the simulation, when the
reflectivity is 1%, the maximum measurement error is around ±0.12π, which is lower than
that from a 5% reflection.
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Figure 10. Simulated result with 5% back reflection (maximum error point): (a) location of data point;
(b) actual phase in π; (c) measured phase in π; (d) measurement error in π.

Meanwhile, Figure 11 demonstrates the simulated best-case scenario when I′′out and
the measurement error are at the minimum, as indicated in Figure 11a. Compared to the
real phase in Figure 11b, the measured phase distribution in Figure 11c shows only very
little measurement error, which is around ±0.025π.

Figure 11. Simulated result with 5% back reflection (minimum error point): (a) location of data point;
(b) actual phase in π; (c) measured phase in π; (d) measurement error in π.

The phase error across the whole active area never reaches zero, as shown in Figure 6b,
since the non-uniformity of the LC layer indicates that different areas would reach their
error-free point of Γ = 2kπ, k ∈ Z at different input gray levels, and there will always be
some area with measurement error regardless of the gray level used.

The effect of the back reflection in an actual real-life measurement is compared to
the simulation and analyzed in subsequent paragraphs. According to the discussion in
Section 2.4, when the measured light intensity is around its maximum value, the phase
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measurement error also reaches its maximum. Figure 12 demonstrates the measured
intensity-GL relationship (Figure 12a) and the calculated phase distribution (Figure 12) at
the indicated GL127 input. As shown in the figure, the amplitude of this ripple-shaped
pattern is about ±0.15π, in line with the simulated results in Section 2.4 and Figure 10. This
error cannot be ignored in the phase uniformity measurement.

Figure 12. Phase measurement at near (2k + 1)π phase: (a) intensity-GL curve and indication of the
data point; (b) calculated phase distribution in π.

Figure 13 demonstrates the measured intensity–GL relationship (Figure 13a) and the
calculated phase distribution (Figure 13b) at the indicated GL212 input. The amplitude
of the error pattern is only around ±0.02π in this condition, which also agrees with the
simulated result in Figure 11.

Figure 13. Phase measurement at near 2kπ phase: (a) intensity-GL curve and indication of the data
point; (b) calculated phase distribution in π.

By comparing the shape and amplitude of such ripple-shaped patterns under different
GL inputs, the results of our experiment match the theory in Section 2 quite well, indicating
that the theory is effective and can be used to guide the LCoS uniformity retrieving process.

3.3. Results of the LCoS Uniformity Retrieving

Figure 14 demonstrates a simulation of our uniformity retrieving process, assuming
the birefringence refractive index is accurate, and the max phase retardation is reached at
GL = 255. Figure 14a shows the speculated LC layer thickness based on measured light
intensity I′′out, and the error of such speculation is less than 1%, as shown in Figure 14b.

One main source of the error is the discrete gray level control, which makes it im-
possible to locate the exact low point between two neighboring gray levels, where I′′out
reaches its minimum. The other main source of error is the difference between the average
measured phase and the actual phase, as demonstrated in Figure 6b. Additionally, the
discrete gray level addressed also makes the resolution of this uniformity result relatively
low, as can be seen in Figure 14a with discrete steps.
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Figure 14. Speculated LC layer thickness in simulation: (a) speculated thickness; (b) error of
the speculation.

This simulation indicates that it is actually a viable option for roughly measuring the
uniformity of LC layer thickness on LCoS devices, with the drawback of having to measure
the full modulation range of the LCoS device and having to know the exact refractive
indices of the LC material. However, if the absolute value of the thickness is not needed,
both the full modulation range and the exact LC refractive indices are no longer required.
The relative uniformity can still be obtained by only measuring a single full 2π phase range
of the whole active area. In this case, only the relative relation in the calculated uniformity
map holds true.

For the actual measured data in real-life experiments, the LC thickness uniformity can
be obtained based on Equation (22). Figure 15a shows the calculated LC layer thickness of
this LCoS device indexed by subregions, and a clear saddle-shaped pattern can be seen.
By comparing it to the interference pattern obtained on the same LCoS device shown in
Figure 15b, obvious similarities can be seen, and the calculated thickness difference also
matches the number of interference stripes, indicating the effectiveness of this method,
which extracts the uniformity of the LCoS device.

Figure 15. Result of the correction: (a) calculated LC layer thickness; (b) interference pattern.

The pattern and peak–peak difference in this calculated LC layer thickness also agrees
with the common saddle-shaped cell gap thickness pattern on LCoS devices demonstrated
in other research groups’ work [14], indicating that this process is indeed effective at phase
around 2kπ, k ∈ Z.

It is also worth mentioning that, if the LC refractive index is inaccurate, or the max
phase retardation is not reached, the absolute value of this thickness speculation will also
be inaccurate as a linear scale of the real value. However, even in this case, the relative
uniformity is still preserved.

4. Discussion

The LC thickness uniformity of our LCoS device has been calculated in Section 3, but
the linearity of the phase response Γ is still not fully obtained. According to Equation (20),
if ϕo is accurately measured, the phase retardation Γ can be calculated. However, in our
simulation setup, with an average LC layer thickness of 6 μm and no = 1.49 at 635 nm, the
average value of the total ordinary phase ϕo is around 55π, which means the accuracy of
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measured ϕo is only about 0.5π, not including other possible errors caused by inaccurate
refractive indices or driving strength. Such accuracy is not enough to calculate phase
retardation Γ based on I′′out in Equation (20), which requires Err(ϕo) � π. Therefore, an
accurate result of Γ was not yet achievable in this setup.

On the other hand, since the relative uniformity of the LC layer thickness is known,
the uniformity of phase retardation can still be hypothesized based on this calculated data,
assuming that the phase response is only determined by the LC layer thickness and driving
voltage, ignoring all other possible non-uniform aspects.

First, calculate the phase of reflected ordinary light based on the measured LC layer
thickness d/2. The uniformity distribution of the property (e.g., ϕ, d or Γ) is marked in
bold to differentiate from that the measured value from a single point. The result in this
step might not be accurate, but it should be proportional to the real value.

ϕo =
2π · no(λ) · d

λ
(23)

Then, for each gray level GL, assume the distribution of phase retardation Γ is propor-
tion to the distribution of ordinary phase difference ϕo, which means Γ = k ·ϕo. The least
square method can be used to determine the coefficient value k, causing the speculated
Γ to match the measured Γ” in the experiment. Repeating this process for all gray levels,
the approximate phase distribution can be acquired. Figure 16 shows the result of such a
process with simulation data.

Figure 16. Phase speculation based on the LC layer thickness uniformity result: (a) speculated phase
at GL = 95 where error reaches maximum; (b) error of the speculation at GL = 95.

Such speculation is far from perfect. As shown in Figure 16b, error with this specu-
lation method is still determined by the average phase error shown in Figure 6b, which
reaches up to 0.09π. Since the least square fitting is used in the speculation process, the
average error of the new speculated phase and the original faulty phase is close to the
same, about −0.08π at this gray level. On the other hand, the root mean square of error
(RMSE) in this case becomes much lower at only 43% of the original RMSE, which is a huge
improvement. The error comparison can be seen in Table 1.

Table 1. Simulated comparison between the original polarimetric method and our new method at
GL = 95, where the error reaches its maximum.

Phase Calculation Methods Average Error (π) RMSE (π)

Original polarimetric method [10] −8.36 × 10−2 1.97 × 10−1

Our method −8.53 × 10−2 8.54 × 10−2

Apart from the classical polarimetric method discussed in this paper, another outcome
is also worth noting. The effect of back reflection is mainly due to the changing interference
caused by overmodulation under different phase inputs, so it is not limited to uniformity
measurements and not only affects the classical polarimetric method discussed in this paper
but can also affect other LCoS phase measuring methods based on phase retrieving from
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normalized light intensity, including the binary grating method [23] and some interference
methods [4,5] to a certain extent. Figure 17 shows the measured phase result with binary
grating methods on the same LCoS device, and a similar ripple-shaped error pattern is also
present in this result.

Figure 17. Measured phase in π with binary grating method.

One possible way to suppress the effect of back reflection is by using a light source
with a very short coherence length, such as an incandescent light source with a coherence
length less than the LC layer thickness [24]. In this way, interference will not happen on
the glass surface, which is thought to greatly reduce the amplitude of error caused in the
measurement result. Additional research could be conducted by comparing the difference
between coherent and non-coherent light sources.

5. Conclusions

In this paper, the effect of glass reflections on LCoS phase uniformity measurement was
discussed under three conditions. Based on the idealized modeling of the classical polari-
metric method for LCoS phase measurement, a more detailed analytical model, including
front and back reflections from its cover glass, was constructed, and the simulation result
based on this new model was compared to real-life measurements with similar parame-
ters. According to the results comparison, the newly proposed model with included glass
reflections can explain the distinct ripple-shaped pattern in the phase measurement result.

In the case of front reflection, where light was reflected before being modulated by
the LC layer, the error caused by reflection was easily corrected by removing the NPBS
and realigning the polarizers. Even if the error is unattended, its amplitude is maxed out
around ±0.02π with the non-AR-coated cover glass.

In the case of back reflection, when light was reflected back into the LC layer by the
cover glass, the error reached an amplitude of ±0.2π or more, causing the uniformity
measurement to be completely ineffective. Furthermore, when the calibration process was
performed based on this faulty measurement result, the actual phase distribution became
more uneven. This phenomenon is thought to be one of the reasons that this non-ideal
glass reflection was overlooked in most previous works.

A method to acquire the approximate phase distribution was proposed by calculating
the uniformity of LC layer thickness based on a full-range measurement of the LCoS device.
The phase uniformity was estimated with sub-0.1π accuracy and half RMSE compared to
the original result, assuming a linear relationship between the phase value and LC layer
thickness. Further research is needed, with investigations of the multipath reflections of
LCoS devices, as well as the effect of other non-uniform aspects, such as LCoS flatness and
electric field strength, to make the classical polarimetric method a viable and consistent
means of measuring LCoS phase uniformity.
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Appendix A

The effect of non-ideal reflections on the actual phase retardation is analyzed in
Appendix A. The phase retardation in the output extraordinary light with front and back
reflections included can be written as:

Γ′ = angle
(√

1 − A · ei·0 +
√

A · B · ei·Γ +
√

A · (1 − B) · ei·2Γ
)

= angle
(
sinα · ei·0 + cosα · cosβ · ei·Γ + cosα · sinβ · ei·2Γ

) (A1)

When the front and back reflectivity satisfies (1 − A) = (1 − B), and (1 − A) and
(1 − B) are small enough, Γ′ approximately equals to Γ. In other words, it can be seen that
the reflections do not change the actual phase retardation on the LCoS device. With some
calculation, it can be found out that, when (1 − A) = (1 − B) ≤ 0.11, the change of phase
retardation |Γ′ − Γ| is less than 0.01π, which can be ignored in simulations and discussions
within this article.

The components of the reflected light are plotted to illustrate the effect of glass reflec-
tions on the output light intensity. Figure A1 shows a simulation of reflected light before
and after the second polarizer P2, separated as individual components. Assume θ1 = −π

4
and θ2 = π

4 , respectively, and both glass reflectivities (1 − A) = (1 − B) = 0.05. Input
intensity is normalized to 1 for both ordinary light and extraordinary light. Take ϕo = 50π
and Γ = 0.6π in this simulation.

Figure A1a demonstrates the extraordinary light reflections separated as three com-
ponents from W0, W1, and W2. As can be seen in the plot, the amplitude of the combined
reflection has been changed due to the existence of W0 and W2, while the phase remains
unchanged compared to the reflection from W1. With the same principle, Figure A1b
demonstrates the ordinary reflections, which also have their amplitude changed but their
phase unchanged.

Finally, Figure A1c demonstrates the combined light after polarizer P2, with the solid
lines representing the output light with non-ideal reflections and their dashed counterparts
representing the output light under ideal conditions. As can be seen, the amplitude of
the combined light has also changed due to the amplitude change in both ordinary and
extraordinary light. Change in the output amplitude is related to ϕo and Γ, making the final
output intensity impossible to be normalized into the ideal form of Inorm = (1 − cosΓ)/2.
This outcome will result in the ripple-shaped error pattern demonstrated in the introduc-
tion section.

Figure A2 demonstrates a common optical setup for polarimetric method measure-
ment. A single collimated laser beam went through polarizer P1 and NPBS and then was
shaped by an aperture and reflected off a certain region of the LCoS device. The beam
was steered off the main optical path by the NPBS, went through polarizer P2, and was
collected by the photo detector.
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Figure A1. Comparison of the light components before and after polarizer P2: (a) extraordinary
reflections before P2; (b) ordinary reflections before P2; (c) combined reflections after P2.

Figure A2. Non-ideal optical setup for polarimetric method (P, polarizer, NPBS, non-polarizing beam
splitter, AP, aperture, TS, translation stage, PD, photo detector).

However, when the incident light is not fully S-polarized or P-polarized, which
corresponds to X-axis or Y-axis linear polarization, respectively, in this setup, NPBS cannot
guarantee the consistency between the incident light polarization state and the transmitted
light polarization state, and it could cause a change in polarization orientation and a
degraded polarization linearity. According to testing conducted by Thorlabs, Inc., even
with the best-case scenario, the change of polarization angle reaches up to 5 degrees, not
including the degraded linearity [19]. Unfortunately, the incident ± 45◦ linearly polarized
light and the reflected elliptical polarized light meet this exact condition, indicating the
NPBS is likely to cause systematic error during the measurements.
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Considering the uncertain distortion from the NPBS, a quasi-perpendicular setup is
preferred in the measuring process. After passing through polarizer P1 and aperture AP1,
the laser beam is steered directly by the LCoS device through polarizer P2 and aperture
AP2, and it is collected by the photo detector. Such a modified setup is demonstrated in
Figure A3.

Figure A3. Improved optical setup for polarimetric method (P, polarizer, AP, aperture, TS, translation
stage, PD, photo detector).

To ensure the alignment between two polarizers, it is recommended to replace the
LCoS device with a reflection mirror before the measurement, so the laser beam can be
directly reflected into polarizer P2 after polarizer P1 without phase modulation between
them. Adjust the transmissive direction of P2 until the received light intensity on the photo
detector reaches the minimum. The polarizers should have been properly aligned to an
orthogonal state after the adjustment, and the measurement can be started after switching
the mirror back to the LCoS device under testing.
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Abstract: An electrode pattern design generating a parabolic voltage distribution, in combination
with usage of the linear response range of the liquid crystal (LC) material, has been recently proposed
to obtain nearly ideal phase profiles for LC lenses. This technique features low driving voltages,
simple structure, compact design, and the absence of high-resistivity (HR) layers. In this work, the
universal design principle is discussed in detail, which is applicable not only to LC lens design, but
also to other LC devices with any phase profile. Several electrode patterns are presented to form
a parabolic voltage distribution. An equivalent electric circuit of the LC lens based on the design
principle is developed, and the simulation results are given. In the experiments, an LC lens using the
feasible parameters is prepared, and its high-quality performance is demonstrated.

Keywords: design method; LC lens; parabolic profile; circuit

1. Introduction

Liquid crystal (LC) is the state of aggregation that possesses the properties of both a
crystalline solid and an isotropic liquid [1], which has been extensively researched [2–5].
The molecular orientation of LC can be controlled with applied electric/magnetic/optical
fields leading to the tunable electrical, electro-optical and optical properties [5], allowing
for LC to be used in many devices, such as LC displays and LC lenses. The LC lens
was first proposed by Sato in 1979 [6] and has been attracting much attention in recent
decades [7–18]. The focal length of the LC lens is electrically tunable compared with con-
ventional solid lenses. The LC lenses using hole-patterned electrodes have been studied
extensively [19–25], but the substrate between the patterned electrode and the LC layer
causes high driving voltages. High-resistivity (HR) layers make the use of the substrate
unnecessary, thus making low voltages possible [26–30]. The resistance of the HR layer
usually changes over time, which results in the properties of the LC lens becoming unstable.
Some other structures, including the use of transmission lines [31–37], surf relief elec-
trodes [38,39] and lens-shaped dielectric material [40–42], have been reported. It is difficult
to obtain LC lenses with a parabolic phase profile using these techniques. Multielectrode
design makes nearly ideal lens properties possible [43–45]; however, too many voltage
sources are required to drive the lens [46].

Recently, we proposed [47–50] forming parabolic voltage distributions using resistive
lines and driving the LC lens with voltages within the linear response range of the LC
material. An LC lens with a nearly parabolic phase profile is realized and the parabolic
phase profile is maintained during focus tuning. In this work, we report several resistive
line patterns and discuss the universal design principle in detail. The voltage distribution
is simulated, and an LC lens with an aperture of 2 mm is demonstrated. The experimental
and simulation results are in agreement.
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2. Principle

As shown in Figure 1, suppose a uniform resistive line is applied with voltages V1 and
V2 at both ends. The voltage values at N + 1 points on the line are taken and are rearranged
at equal intervals to generate the desired voltage distributions determined by the length
of the resistive line between these points. For example, if these points are equally spaced,
the voltage distribution after rearrangement is linear. In particular, when the length of the
resistive line between these points increases linearly, according to Ohm’s law, the voltage
value at each point is

V(n) = V1 +

n
∑

i=1
(i − 1)l

N+1
∑

i=1
(i − 1)l

(V2 − V1) = V1 +
n2

N(N + 1)
(V2 − V1) (n = 1, 2, 3, · · · , N + 1) (1)

where l is the length of the resistive line between the first two points. From Equation (1), we
find that the voltage distribution is a parabolic function of point index n. After rearranging
these points equidistantly along the x-axis, the voltage distribution is the parabolic function
of x.

l l l NlV V

x

Figure 1. The schematic diagram of a resistive line.

In fact, a parabolic voltage distribution can be obtained without considering the shape
of the resistive line as long as the length of the resistive line between these points increases
linearly from zero. Thus, we can design the shape of the resistive line to make the electrode
more compact and avoid the rearrangement process. Several examples are shown in
Figure 2; they form a parabolic voltage distribution along the x-axis.

x x x
V

V
V

V
V

V

Figure 2. Several electrode patterns to form a parabolic voltage distribution. (a) triangle, (b) fan-
shaped, and (c) rectangle.

The electrode structures shown in Figure 2 are called a “generating unit”. The parabolic
voltage distribution of a generating unit should be distributed over the lens aperture by
a “distributing unit”. For a cylindrical LC lens, two identical generating units should be
arranged symmetrically to form a symmetrical parabolic voltage distribution, which is then
distributed over the lens aperture by a series of parallel ITO electrodes. Taking the first
two structures in Figure 2 as examples, the complete electrodes are shown in Figure 3. The
solid-filled area represents the resistive line of the generating unit, and the slash-filled area
represents the conductive line of the distributing unit.
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V V
VV VV

Figure 3. The electrode patterns of cylindrical LC lenses based on different generating units.
(a) triangle type and (b) fan-shaped type.

The fan-shaped generating unit shown in Figure 2b can also be used for circular LC
lenses, as shown in Figure 4. The first way is to extend the resistive line of the generating
unit along the circumferential direction [50], as shown in Figure 4a. The second way is to
add an additional distributing unit, as shown in Figure 4b. In both structures, the center
is applied with a voltage through an ITO or metal lines. Although there is a voltage drop
on the conductive line, it is trivial compared with that on the generating unit. Therefore,
the center voltage can be considered to be approximately equal to the externally applied
voltage V1.

V
V

V
V

Figure 4. Two kinds of electrode patterns of a circular LC lens extended from the fan-shaped
generating unit: (a) extend the resistance line of the generating unit itself, or (b) connect with a
distributing unit.

The above-mentioned structures can produce a parabolic voltage distribution, but
when they are used in LC lenses, the voltage distribution is affected by the capacitance
effect. To analyze the voltage distribution on the electrode pattern, the LC lens is simplified
into an equivalent circuit. The electrode pattern in Figure 4a is taken as an example for the
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analysis. Each concentric ITO line is a resistor, and they are connected in series. Concentric
ITO lines form capacitors with the electrode on another substrate, and they are in parallel
with the resistance of the LC material. The circuit of an LC lens is shown in Figure 5.

C

R

RLC C

R

RLC C

R

RLC C

R

RLC

V V

Figure 5. The equivalent circuit of an LC lens based on the electrode pattern in Figure 4a.

The resistance of the concentric ITO line is

Rn =
2πn(w + d)

σewt
(n = 1, 2, 3, · · · , N) (2)

where σe, w, d and t represent the conductivity, width, inter-line gap, and thickness of the
ITO electrode, respectively. N = 	r/(d + w)
 is the number of the concentric ITO line,
where r is the radius of the lens aperture. The capacitance is

Cn =
2πnε0εLC(w + d)w

T
(n = 1, 2, 3, · · · , N − 1) (3)

where ε0 and εLC represent the vacuum permittivity and the relative permittivity of the
LC material, respectively. T is the thickness of the LC layer. The capacitive reactance is
expressed as XCn = 1/(2π f Cn), and f is the frequency of the voltage signal. The resistance
of the LC material between each concentric ITO line and electrode on another substrate is

RLCn =
T

2πnσLC(w + d)w
(n = 1, 2, 3, · · · , N − 1) (4)

The resistance of the capacitive reactance in parallel with the resistance of the LC
material can be expressed as RPn = XCnRLCn/(XCn + RLCn). Then, the circuit in Figure 5
can be further simplified into Figure 6.

R

R

R R RV V

I I II

I I I I I I I IR R R

V V V V

Figure 6. The further simplified circuit from Figure 5.
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We assume current magnitude In(n = 1, 2, 3, · · · , N) and current direction. According
to Kirchhoff’s Voltage Law, the following equations can be obtained

⎧⎨
⎩

−I1R1 + (I2 − I1)RP1 − V1 = 0
−IN RN − (IN − IN−1)RPN−1 + V2 = 0
−InRn + (In+1 − In)RPn − (In − In−1)RPn−1 = 0 (n = 2, 3, 4, · · · , N − 1)

(5)

Solving the equations numerically yields all currents, and the node voltages are
expressed as

V′
n = (In−1 − In)RPn (n = 1, 2, 3, · · · , N − 1) (6)

According to the above analyses, the voltage distribution under any parameters can
be simulated, which provides effective guidance for experiments.

3. Experiments and Results

The electrode pattern in Figure 4a is used to fabricate an LC lens, with an aperture size
of 2 mm and an LC layer of 30 μm. The parameters of the ITO electrode are w = d = 5μm,
t = 20nm, and σe ≈ 106S/m. The positive nematic LC material used in experiments is
HSG28800-100 from HCCH Co. Ltd., for which the conductivity is σLC ≈ 10−10S/m, and
the optical refractive indices at a temperature of 25 ◦C and a wavelength of 589 nm are
ne= 1.698, no = 1.499 and Δn = 0.199. The dielectric constants at a frequency of 1kHz are
ε⊥ = 3.1, ε// = 8.0 and Δε = 4.9. The linear response range of this LC material is measured
using the method reported in [47], which is 1.6~2.4 Vrms. Then, the driving voltages are
controlled in this range to generate a parabolic phase profile. According to Equations (2)–(6),
the voltage distributions in the radial direction of the ITO electrode pattern are calculated
when V1 = 1.6 Vrms, V2 = 2.4 Vrms and V1 = 2.4 Vrms, V2 = 1.6 Vrms, respectively. The results
are shown in Figure 7. The radial voltage distributions of positive and negative lenses
basically follow the parabolic profile when the frequency is 1 kHz, while they gradually
deviate from the parabolic profile as the frequency increases. Therefore, voltage signals
with a frequency of 1 kHz are used to drive the LC lens in experiments.

Figure 7. The radial voltage distributions under different frequencies. (a) Positive LC lens
V1 = 1.6 Vrms, V2 = 2.4 Vrms. (b) Negative LC lens V1 = 2.4 Vrms, V2 = 1.6 Vrms.

The electrode pattern shown in Figure 4a is developed on a glass substrate using a
single photolithography step. Then, two substrates (one with an electrode pattern and
another with a plane ITO electrode) are cleaned with acetone. The polyimide layer is spun
and rubbed on substrates to align the nematic director parallel to the substrate surfaces.
Then, two substrates are separated by 30 μm spacers and optically aligned facing each
other’s interior surface in opposing directions. Finally, the LC material is injected into the
gap between the two substrates and the LC lens is sealed using the UV curing adhesive.

The fabricated LC lens is inserted into an interferometer to capture the interference
fringes, the results of which are shown in Figure 8. The dimensions of each image are
801 × 801 pixel. In Figure 8, the schematic illustration of LC directors corresponding to
each lens state is also shown. When V1 < V2, the tilt angle of the LC director in the border is
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larger than that in the center, and positive lenses are formed, as shown in Figure 8a–d. The
tilt angle in the border is smaller than that in the center for the negative lens states, as shown
in Figure 8e–h. As |V1–V2| increases, the number of interference fringes increases. This
means the optical power of the lens is electrically tunable and positive–negative switchable.
Furthermore, these interference patterns demonstrate the high-quality performance of the
LC lens.

Figure 8. Interference fringes and the corresponding schematic illustration of LC directors: (a–d)
positive-lens states, (e–h) negative-lens states. (a) V1 = 1.6, V2 = 1.8, (b) V1 = 1.6, V2 = 2.0, (c) V1 = 1.6,
V2 = 2.2, (d) V1 = 1.6, V2 = 2.4, (e) V1 = 1.8, V2 = 1.6, (f) V1 = 2.0, V2 = 1.6 (g) V1 = 2.2, V2 = 1.6 and
(h) V1 = 2.4, V2 = 1.6 (Vrms value, f = 1 kHz, λ = 457 nm).

In the interference patterns, the neighboring bright and dark interference fringes have
an optical phase difference of π. Therefore, we extract the phase profiles on the horizontal
axis of the lens, the results of which are shown in Figure 9a. The symbols are measurements
and the curves are parabolic fittings. The phase profiles follow almost parabolic profiles in
the whole focus range. The total root-mean-square (RMS) errors of the wavefront are then
extracted and are shown in Figure 9b. It can be seen that both positive and negative lenses
have a very small RMS error. The positive lens has an RMS maximum around 0.047 λ,
while it is 0.040 λ for the negative lens.

To test the imaging performance of the LC lens, it is inserted into an imaging system
with an ISO 12233 chart placed at approximately 19 cm from the CMOS camera. The LC
lens is turned off, and the record image (out of focus) is shown in Figure 10a. Then, the
LC lens is turned on (V1 = 1.6 Vrms, V2 = 1.9 Vrms), and the image is brought into focus
by the positive lens, as shown in Figure 10b. The dimensions of Figure 10a,b are both
2346 × 1623 pixel. The modulation transfer functions (MTFs) are shown in Figure 11. The
value of MTF50 is approximately 0.25 when the LC lens is turned on, which confirms the
high-quality performance of the LC lens.
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Figure 9. (a) Phase profile extracted from interference fringes in Figure 8, (b) total RMS error.

Figure 10. Recorded images when the LC lens is (a) turned off and (b) turned on.

Figure 11. The modulation transfer functions corresponding to the lens-off and lens-on states.

4. Conclusions

The principle of the proposed design method is discussed in detail, and several
electrode patterns capable of producing a parabolic voltage profile are proposed. The
equivalent electric circuit of the LC lens designed using the proposed method is developed.
An LC lens with an aperture of 2 mm and LC layer of 30 μm is fabricated. The experimental
results show a high-quality performance and small wavefront RMS errors. The proposed
design method is applicable not only to LC lens design, but also to other LC devices with
any phase profile.
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Abstract: This report focuses particularly on liquid crystals display (LCD) panels because they
represent a significant amount of all WEEE collected. Technologies involving liquid crystals (LCs)
have enjoyed considerable success since the 1970s in all fields of LC displays (LCDs). This currently
provokes the problem of waste generated by such equipment. Based on current statistical data,
the LC amount represents approximately 1.3 g for a 35-inch diameter LCD panel unit possessing
a total weight of 15 kg. In France, a recent study revealed LCD waste to represent an average
of 5.6 panels per household. This represents an important quantity of LCs, which are generally
destroyed by incineration or washed out with detergents during the recycling processes of end-of-life
(EOL) LCDs. Hence, the aim of this study is to show that it is possible to remove LC molecules from
EOL-LCD panels with the goal of valorizing them in new sectors. EOL-LCD panels have undergone
various stages of dismantling, chemical treatments and characterization. The first stage of manual
dismantling enables the elimination of the remaining physical components of the panels to process
LC molecules only, sandwiched between the two glass plates. Mechanical treatment by scraping
allows us to obtain a concentrate of LCs. The results obtained from chemical and physical techniques
show that these molecules retain the characteristics essential for their operation in the field of optical
and electro-optical devices. As the use of LCD surfaces continues to rise significantly, the amounts
and economic stakes are huge, fully justifying the development of an LC recovery process for used
panels. Many potential uses have been identified for these LC molecules: in new flat LCD panels
after purification of the LCs concentrate, in PDLC systems, as lubricants or in thermal applications.

Keywords: WEEE; liquid crystal displays; liquid crystals; recycling

1. Introduction

In 2003, the European Waste Electrical and Electronic Equipment (WEEE) Directive
(2002/96/EC) was created, with the main objective of reducing the production of WEEE
and requiring the disassembly of all liquid crystal displays (LCDs) with an area over
100 cm2 [1]. Because EEE and WEEE may contain hazardous chemicals, they are subject
to the provisions of the European RoHS Directive (2002/95/EC) (restriction on the use of
certain hazardous substances) [2], which aims to reduce the number of hazardous materials
in EEE. In France, these European directives (WEEE and RoHS) were transposed by decree
and codified in the Environmental Code in 2005 (2005-829) [3]. Then, they were amended
in 2012 (2012-617) and 2014 (2014-928) [4,5]. There are five types of WEEE treatment
classified below by order of priority defined by the regulations: preparation for reuse:
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reuse of the whole equipment; reuse of parts: reuse of parts or sub-assemblies of the
equipment; material recycling: recycling of the material; energy recovery: incineration with
energy recovery; disposal: disposal without recovery (landfill, incineration without energy
recovery) [6].

Technologies involving liquid crystals (LCs) have enjoyed considerable success since
the 1970s in all fields of LCDs. However, the success of technologies involving LCs gen-
erates large quantities of LCD waste representing a significant quantity of LC mixtures
abandoned in end-of-life (EOL)-LCD panels. A study conducted by the “Conseil Supérieur
de l’Audiovisuel” (CSA) showed that in 2018, an average waste of 5.6 panels was deter-
mined per French household, which is constantly increasing [7].

LCs are organic molecules that exhibit intermediate states between the crystalline
solid state characterized by a long-range order and the isotropic liquid, where there is no
order [8]. These states are called mesophases [9]. LCs used in LCD panels form a mixture of
molecules of polycyclic aromatic hydrocarbons and alkyl, alkoxy, chloro, fluoro or carboxyl
chains [10]. Many practical considerations must be met by an LC mixture prior to its use in
a display device. The essential behavior of these blends is their sensitivity to an applied
electric field. Fluorinated groups bonded to aromatic rings can increase their sensitivity to
electric fields [11], i.e., LC molecules switch in response to an electric field in the direction
of the passage of light. Conversely, when the electric field is removed, LC molecules are
likely to return to their original position due to inherent elastic forces.

LC mixtures destinated for display devices should provide a wide operating tempera-
ture range, typically between −30 ◦C and +80 ◦C, allowing the device to operate in both
summer and winter climatic conditions all over the world. The LC mixture should have
high chemical, electrochemical and physicochemical stability. It should be stable in air,
moisture and against oxidative conditions. These last properties are achieved by adding to
the mixture other compounds such as antioxidants, stabilizers and UV stabilizers. Finally,
the LC mixtures must have desired refractive indices, dielectric constants, elastic constants
and a low viscosity, which allows seeing fast-moving images. For the latter property, a
family of phenylcyclohexanes can be chosen with linked alkoxyl groups.

As shown in Figure 1, a LCD module consists of multiple layers. Considered as a
one-dimensional light source, lamps are often placed linearly on the bottom chassis with
reflective sheets. A diffuser plate and a diffuser sheet are mounted over the lamps to
generate a uniform distribution of light so that backlights can provide a two-dimensional
distribution of light. In addition to spreading light from the lamps, the diffuser plate made
of polymethylmethacrylate (PMMA) also functions as a support for holding up diffuser
sheets. A prism sheet is used to increase the brightness measured normally to the surface
after the light is scattered through the diffuser sheet. Since the light passing through the
prism sheet is not polarized, a reflective polarizer is added to recycle light lost to absorption
by controlling polarization and reflection [12].
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Figure 1. Structure of an LCD-TV module (from [13]).

The structure of the LCD central module comprising LCs is shown schematically
in Figure 2. LC mixtures are sandwiched between two parallel plates (usually glass),
exhibiting a layer thickness varying between 3 and 5 μm. The glass plates are coated on
one side by a thin layer of ITO (Indium Tin Oxide) which represents a thickness between
0.1 and 0.3 μm [14]. Indeed, to extract only the LCD panel containing LCs from the whole
TV apparatus, various components must be successfully removed, generally by manual
operations. For instance, the plastic TV cover shell must be removed by unscrewing the
front and rear parts. It should be remembered that there are hundreds of LC compounds
currently employed in LCDs, and a typical LCD panel could contain as many as 25 different
compounds that are mixed together to form a white, opaque liquid that flows easily. Each
of these LC compounds possesses different physical and optical characteristics [15,16].

Figure 2. Schematic localization of LCs in the LCD panels.

The use of LCD panels in plate panels of TV or monitors currently provokes the prob-
lem of waste treatments generated by such material. Processing technologies, including the
recovery of LCs, are rare or under development [17–19]. One of the main procedures of the
processing of waste from LCD panels includes manual dismantling of the modules, during
which the backlight tubes containing mercury are separated and directed towards specific
pathways for processing tubes and discharge lamps [20–23]. Following this procedure,
LCs are generally rejected or destroyed by incineration or washing detergents [24]. This
seems to be justified by the fact that other materials such as plastics, metals and electronic

66



Crystals 2022, 12, 1672

components account for more than 90% by weight of all components in a typical LCD
panel, while LCs represent less than 0.1%. The LC amount represents approximately 1.3 g
for an LCD panel unit with a 35-inch diameter, possessing a total weight of 15 kg [25]. This
quantity must be reviewed in the context of a real dismantling project to better understand
the economic potential of recycling used LCs. Indeed, if we consider that a large number of
EOL-LCD panels will accumulate in waste disposal centers, the overall amount of LC is no
longer negligible. Thus, the aim of this work is to investigate the possibility of removing
LC molecules from EOL-LCD panels by a simple method and then check for recovery of
their physico-chemical and optical properties.

It should be mentioned that economic issues play an important role in developing
the industrial recovery of LCs. An adapted product specification must be established
on the basis of extended academic research, aiming toward the valorization of recycled
LC mixtures.

2. Materials and Methods

2.1. Materials: EOL-LCD Panels

The EOL-LCD panels that have been permitted to achieve this study were obtained
from the ENVIE2E Company based in the north of France. The business fields of ENVIE2E
are recovering, sorting, reusing, recycling and upgrading WEEE and other materials. This
paper is based on the treatment of 35 EOL-LCD panels older than five years. These
were dismantled manually to recycle LC molecules. Industrial LCD recycling facilities,
such as ENVIE2E, must ensure the safety of workers. One of the most important issues
during dismantling is the presence of mercury in the old tubes used as light sources. The
dismantling process is carried out in a controlled atmosphere (fume cupboards) coupled
with a filtration system, allowing the capture of volatile species using activated carbon.
Authorized companies carry out the regeneration of the activated carbon in order to
analyze the captured species that may contribute to environmental pollution. In addition,
the operators wear personal protective equipment adapted to their work (safety shoes and
glasses, helmet, gloves, etc.).

2.2. Extraction of LCs from EOL-LCD Panels

In order to extract only the LCD panel containing LCs from the whole TV apparatus,
various components were successively removed following a specific order by manual
operations (Figure 3). The plastic TV cover shell was removed by unscrewing the front
and rear parts. During disassembly, there is no danger of damaging the backlight tubes
incorporating mercury since they are fixed at the rear plastic plates. The LCs sandwiched
between the two ITO-coated glass plates could thus be removed before reaching backlight
tubes. The processing of these tubes and polymers and the recovery of other parts will not
be discussed in this report.

The sandwiched glass plates were first manually opened using a scalpel or spatula
(Figure 3a) to separate them (Figure 3b). This step allows access to the LC mixtures
(Figure 3c,d), which show translucent and slightly viscous aspects. To extract all LCs from
the glass supports, a plastic squeegee was used on the whole glass surface of the plates
to scrape LCs molecules (Figure 3c). This operation was repeated several times to ensure
optimal extraction after a visual check (Figure 3d). The thickness of each LCD screen,
comprised of the two glass substrates and the LC layer, was measured with a mechanical
micrometer. Thicknesses of the LC layer were deduced from the subtraction of the thickness
of the glass plates from the total value of the LCD screen, yielding values between 3 and
5 μm.

Thus, the obtained LCs were ready to be analyzed by several physico-chemical and
optical techniques.
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Figure 3. The opening stages of an LCD panel giving access to LCs. (a,b) Manual opening of the
sandwiched glass plates using a scalpel. (c) Separation of the two glass plates, on the left-hand
side, front of the panel consisting of color filters and black matrix; on the right-hand side, back side.
(d) Collected LCs molecules with translucent and slightly viscous aspects.

2.3. Characterization Techniques

To ensure that the physico-chemical and optical characteristics of LCs are maintained
despite the age and the treatment applied on EOL-LCD panels, characterization studies
were carried out on the extracted products. This report focuses on the results of four indi-
vidual EOL-LCD panels, but several characterizations realized on other samples provided
the same conclusion [26]: A (diagonal size 31 inches), B (27 inches), C (26 inches) and D
(32 inches). Each capital letter (A to D) represents a different manufacturer. All samples
were treated in the same manner to proceed to the extraction of LC mixtures.

2.3.1. Determination of Molecular Structures by FTIR, 1H NMR and GC-MS

Chemical structures of the LCs molecules were obtained using Fourier transform
infrared (FTIR), proton nuclear magnetic resonance (1H NMR) spectroscopies, and gas
chromatography coupled with mass spectroscopy (GC-MS). FTIR spectra were recorded in
the transmission mode using a Perkin Elmer Frontier model. The number of accumulated
scans was 16, with a spectral resolution of 4 cm−1. 1H NMR spectra were recorded using an
FT-NMR (300 MHz) Bruker instrument with Tetramethylsilane as the internal standard at
room temperature in CDCl3. The recovered LC mixtures were dried at 70 ◦C in a vacuum
oven and analyzed by GC-MS. The GC chromatograms and their associated mass spectra
were obtained using a Perkin Elmer Clarus 680 gas chromatograph coupled with a Clarus
600T mass detector (PerkinElmer, Shelton, CT, USA). A fused silica capillary column (Elite-5
(5% Diphenyl) Dimethylpolysiloxane, 30 m × 0.53 mm (internal diameter), film thickness
0.5 μm; temperature of the column 70 ◦C) was employed. The mass spectrometer was
equipped with an electronic ionization (EI) source and a quadripole mass analyzer (QSM).
The injector temperature was 300 ◦C, and a 10 μL syringe was used for injections of 0.2 μL.
Helium was the carrier gas, applying a constant flow of 1.5 mL/min. The ion source

68



Crystals 2022, 12, 1672

and interface temperatures were maintained at 180 and 300 ◦C, respectively. The furnace
temperature was held for 15 min at 70 ◦C, then raised to 150 ◦C with a rate of 20 ◦C/min
followed by an isotherm of 10 min, then increased to 240 ◦C followed by an isotherm of
10 min. The retention times (tR) were determined for each separated molecule.

2.3.2. Determination of Thermal and Optical Properties

Thermal and optical properties of LC mixtures extracted from EOL-LCD panels were
examined by differential scanning calorimetry (DSC), polarized optical microscopy (POM)
and thermo gravimetrical analysis (TGA). DSC experiments were carried out using a Pyris
Diamond DSC calorimeter at a heating rate of 10 ◦C/min under continuous nitrogen flow.
The sample weight was approximately 7 mg, and the data were evaluated from the second
heating ramps. The thermo-microscopy studies were performed on a POM Olympus BX41
equipped with a digital camera conjugated with a PC. The system comprises a Linkam
heating/cooling stage LTS 350 together with a temperature-controlling unit TMS 94. The
temperature was increased in a stepwise manner, the typical size of one step being generally
2 ◦C. Thermogravimetric analysis was conducted on a TA Instruments Q5000 based on a
heating rate of 10 ◦C/min from T = 20 ◦C to T = 600 ◦C, under continuous air flow with a
sample weight of about 15 mg.

3. Results and Discussions

Since LCD screens contain various amounts of different unknown LC molecules (and
others), and these LC mixtures were developed as a function of specific applications, it was
not appropriate to investigate original commercial LC mixtures in order to compare their
physico-chemical properties with those from the collected EOL-LC mixtures.

3.1. Mass Balance of Extracted LCs

The results from the mass balance of LCs recovered by scraping are presented in
Figure 4. High dispersion of data was observed, and limited amounts of less than 1 g per
panel for two reasons. The first concerns the status of approved monitors on the dismantling
site. Many panels were found in a state of mechanical damage (crack, breakage of the glass
panel, LC exposed to atmosphere). This degradation involves lower LC extracting from
surfaces than expected. In addition, as the LCs are in the form of flowable gel, logistic
and handling operations could cause them to be lost. Secondly, the efficiency of recovery
depends on how the surface of the glass plate of the LCD panel was scratched: more
or less strong in an area or several times in the same area. Thus, transport operations
for EOL-LCDs must take into account their fragility. Similarly, recovery techniques must
be implemented with an efficient process. This last point has been investigated in this
report [27]. .

To conduct a detailed characterization of LCs from these EOL-LCD panels, a selection
of four undamaged panels with good general status was conducted (Table 1). The results of
this selection show that the LCs mass increases with the size of the panel. Not surprisingly,
the largest mass was obtained with panel C having a diagonal of 81.2 cm (32 inches), and the
lowest amount corresponded to panel D with a diagonal of 58.4 cm (23 inches). Secondly,
in theory, a panel exhibiting a diagonal of 32 inches corresponds to a total amount of 1.2 g
of LCs if one considers an LC layer thickness corresponding to 5 μm [12]. It appears that
the quantity of extracted LCs was lower than the theoretical one but better than in the
case of damaged panels. Thus, the extraction yield reached approximately 70–80% of the
theoretical value.
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Figure 4. Weight of LCs mixtures extracted manually from 31 EOL-LCD panels.

Table 1. Amount of LCs mixtures extracted from selected EOL-LCD panels A, B, C and D.

D-LCs B-LCs A-LCs C-LCs

Diameter (inch)
of the LCD panel 23 26 32 32

Mass (mg)
of recovered LC 347.6 575.4 754.8 873.5

3.2. Chemical Characterization of LCs Mixtures

FTIR spectroscopy provides detailed information regarding the assignment distribu-
tions of specific functional groups of LCs extracted from EOL-LCD panels (Figure 5).

Figure 5. FTIR results from LC mixtures of LCDs A, B, C and D.
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3.2.1. Identification of Aromatic Groups and Possible Substitutions

For all LCs molecules stretching vibration bands characteristic of aromatic C–H (small
peaks of around 3020 and 3060 cm−1) and C=C (peaks at 1470, 1510 and 1625 cm−1),
bonds were detected. Detailed investigation of the 700–800 cm−1 band also provided
some information regarding the substitutions on the aromatic cores. In the case of A-LCs,
the existence of some bands at 720 and 793 cm−1 indicated that the aromatic cores were,
respectively, mono- and para-disubstituted. This was also the case for the D-LCs illustrated
by the vibration at 759 cm−1 (mono-substituted) and 789–862 cm−1 (para-disubstituted).
The B-LCs contained ortho- (758 cm−1) and para- (790–850 cm−1) disubstituted aromatic
products. Finally, C-LCs were characterized by some bands at 734 cm−1 (mono-substituted),
742 cm−1 (ortho-disubstituted) and a pronounced peak at 821 cm−1 (para-disubstituted).

3.2.2. Alkyl and Alkane Groups

The presence of methyl groups was illustrated by some bands around 1255–1295 cm−1

(for all LCs), 1390 cm−1 (A- and B-LCs) and 2943 cm−1 (for all LCs). The existence of
methylene groups was indicated by some vibration bands at 2850 and 2916 cm−1 (for
all LCs). Alkane chains (RCH2CH3) were characterized by stretching vibrations around
1370–1390 cm−1 and a band at 1450 cm−1.

3.2.3. Aliphatic Group Associated with Specific Chemical Bonds

The products were characterized by strong bands at 1050 cm−1 (B-LCs, C-LCs and
D-LCs) and 1070 cm−1 (A-LCs), which correspond to the ether function (R-O-R). Some
bands seem to indicate the presence of fluorinated bonds. These appear at 1120–1160 cm−1

(C-F) and 1170–1200 cm−1 (C-F3). Additionally, B-LC-, C-LC- and D-LC-mixtures were
characterized by a peak at 1580 cm−1, indicating the presence of an N-H bond. The peak at
1760 cm−1 was easily distinguishable in the case of B-LCs and D-LCs products but weakly
pronounced for A-LCs. This band is characteristic of a C=O bond stretching vibration,
which indicates the presence of ester groups. This C=O bond is usually associated with
another oxygen to build an ester of the formula R-COO-R’. In this structure, the R’ part
is often susceptible to carry the dipole moment of the LC molecule. Finally, the A-LC
products showed a weak peak at 2221 cm−1, probably corresponding to the presence of a
C≡N bond.

The FTIR results corroborated 1H-NMR (Figure 6) and GC-MS (Figure 7) data. Indeed,
despite the complexity and the high number of individual molecules in the mixtures used
for LCD applications [28], qualitative analysis of spectra allowed us to identify the principal
chemical structures of the extracted LCs. Common chemical groups were found for all
products. Aromatic (Ar) rings corresponded to chemical shifts in the region of 7.7–6.6 ppm.
The other common groups were “R-CH2-O-Ar” (4.2 ppm), “CH3-O-Ar” (3.8 ppm), “CH2-
Ar” (2.2 ppm) and aliphatic groups (3–0.7 ppm). However, the “-HC=CH-” group (5.8,
4.8 ppm), observed for A-, B- and D-LCs, was absent in the C-LC sample.

The results of FTIR and 1H NMR analysis are summarized in Table 2. Many LCs
generally present several common characteristics. LCs are polarizable molecules consisting
of a rigid core unit, flexible ends and polar groups. The flexible alkyl chains reduce the
melting point, and the mesogenic rigid cores and polar groups provide the anisotropy
necessary for the formation of LC phases. Almost all LC molecules contain two or more
phenyl rings linked by –COO, –C=C– and other groups, with various flexible terminal
groups and a polar end-group (–CN, –NC and F) [28]. Indeed, the samples consist of
chemical groups which correspond to a rigid core (aromatic rings), flexible chains (alkyl,
alkane, methylene) or polar groups (presence of O, N, F). The presence of different polar
groups in these products extracted from EOL-LCD panels responds to the fact that the
design of LC molecules must take into account the relative dipole moment and the position
of polar groups within the molecule, the overall molecular polarizability and the presence
of any stereogenic centers [29].
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Figure 6. 1H-NMR results from LC mixtures of EOL-LCD A, B, C and D.

Figure 7. GC results from LC mixtures of EOL-LCD A and C.
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Table 2. Correspondence between general LC characteristics and results from FTIR and 1H NMR
analysis of EOL-LCDs A, B, C and D.

LC
Characteristics

A B C D

Rigid core Aromatic rings
Mono-, para-substituted

Aromatic rings
Para-, ortho-substituted

Aromatic rings
Mono-, para-,

ortho-substituted

Aromatic rings
Mono-, para-substituted

Flexible chains

CH3- . . .
. . . -CH2- . . .

R . . . CH2 . . . CH3
-HC=CH-

CH3- . . .
. . . -CH2- . . .

R . . . CH2 . . . CH3
-HC=CH-

CH3- . . .
. . . -CH2- . . .

R . . . CH2 . . . CH3

CH3- . . .
. . . -CH2- . . .

R . . . CH2 . . . CH3
-HC=CH-

Polar groups
C≡N, C-O,
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Figure 7 shows the GC chromatograms obtained from two representative LC mixtures,
A and C. Each peak corresponds to the presence of molecules in the analyzed samples.
Applying the mass spectroscopy database, these peaks could be identified. Table 3 gathers
some of the main LC components found in the studied mixtures. The chemical structures
of these molecules show mainly aromatic rings, polar groups as well as alkyl chains, thus
corroborating the typical structure of nematic LCs possessing permanent dipole moments.
The presence of fluorine was detected in these LC molecules, as already observed by
FTIR and NMR analysis. Other molecules that do not present a typical LC structure were
also identified, i.e., 1-Chloro-4-(4-methyl-4-pentenyl) benzene (tR = 18 min), 4-Biphenylol
diphenyl phosphate (tR = 19.05 min) and Triphenyl phosphate (tR = 23.9 min).

Table 3. Assignment of some peaks corresponding to LC molecules of GC chromatograms obtained
from LC mixtures A and C.

Retention Time (min) Assignment

A-LCs

21.27

 
4-ethyl-4′-(4-(trifluoromethoxy) phenyl)-1,1′-bi(cyclohexane)

21.46

 
4- butoxy-2,3-dicyanophenyl 4-((1r,4r)-4-ethylcyclohexyl) benzoate

22.17

 
4′-propyl-bicyclohexyl-4-carboxylic acid 4-fluoro-phenyl ester
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Table 3. Cont.

Retention Time (min) Assignment

24.98

 
4′-cyano-(1,1′-biphenyl)-4-y1 4-(-4-pentylcyclohexyl) benzoate

C-LCs

18.60
 

4-(4-Fluoro-phenyl)-4′-propyl-bicyclohexyl

21.12

 
1-((1r,4r)-4-ethylcyclohexyl)-4-((E)-4-propylstyryl) benzene

22.94

(1s, 1r’, 4R, 4′R)-4-propyl-4′-(p-tolyl)-1,1′-bi(cyclohexane)

23.22

4-(3,4-difluoro-phenyl)-4′-pentyl-1,1′-bi(cyclohexane)

3.3. Mesomorphic Properties

DSC thermograms and some selected POM micrographs showing LC morphologies
are presented in Figures 8 and 9, respectively. These were obtained during the first heating
ramp. The only thermal phenomenon detected during DSC analysis between 20 ◦C and
100 ◦C was the nematic to isotropic transition. Data show that the nematic to isotropic
transition temperatures (TNI) increase according to the following order: A (67.5 ◦C), B
(69 ◦C), D (72 ◦C) and C (80.8 ◦C). Distinct changes of TNI were observed in Figure 8,
related to a large number of LC molecules with various chemical structures, which are
present in EOL-LCD screens. These LCD screens originated from different manufactur-
ers, were fabricated at varied production dates and presented distinct dimensions. Each
manufacturer uses a specific original LC mixture according to the type of screen and the
technology to be developed. DSC results were found to be reasonably consistent with the
findings from POM observations. Upon further heating above TNI, the compounds reach
the isotropic state, and the field of view turns into a transparent state. Thus, the extracted
samples exhibited stable LC behavior with different mesomorphic temperature ranges.

Figure 9 shows micrographs obtained from three different temperatures for each
sample: (1) at room temperature around 25 ◦C corresponding to the nematic state, (2) at
a temperature at the beginning of the transition between nematic and isotropic states (or
clearing point) and finally, (3) at a temperature in the isotropic phase. LC morphologies of
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these samples are different from each other. Thus, in addition to the changes in TNI, the
range of clearing points is different according to each sample (see Table 4). Among these
four samples, C-LCs exhibited the widest mesomorphic temperature range and the highest
clearing point, but its mesophase textures were poorly organized with less developed
Schlieren texture. This seems to be consistent with the chemical structures observed for
this sample. Indeed, in the C-LC mixture, “-HC=CH-“ and “C=O” (or C≡N) bonds were
not detected. The different chemical groups play an important role in influencing the
mesomorphic behavior of LCs since they facilitate the formation of mesophases. Some
authors indicate, for instance, that the alkoxy terminal groups can increase clearing points or
promote the mesophase state of some organic molecules, whereas the absence of this group
in the same alkyl chain decreases this mesomorphic state [30]. The chemical composition of
these mixtures considerably influences their morphologies obtained by POM.

Table 4. Mesomorphic and thermal properties of LCs extracted from LC mixtures of EOL-LCDs A, B,
C and D.

Sample TNI (◦C)
Clearing Point Range

T (◦C) [ΔT]

A 67.5 65.8–72 [6.2 ◦C]

B 69 70.8–73.4 [2.6 ◦C]

C 80.8 79–88.2 [9.2 ◦C]

D 72 72.2–74 [1.8 ◦C]

Figure 8. DSC results from LC mixtures of EOL-LCDs A, B, C and D.
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A 

Figure 9. POM results from LC mixtures of EOL-LCDs A, B, C and D.

3.4. Thermogravimetric Analysis

Results from TGA analysis of the LC mixtures in an oxidative atmosphere (air) are
shown in Figure 10, from which it can be concluded that all compounds have good thermal
stability up to 150 ◦C in the presence of oxygen. Three of these samples, A, B and D, exhibit
the same thermal behavior with only one degradation step around 150 ◦C. Sample C shows
two degradation steps, the first at 150 ◦C identical to the previous three cases and the
second at 250 ◦C characterized by a low slip.
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Figure 10. TGA results from LC mixtures of EOL-LCDs A, B, C and D.

3.5. Economic Interest of Extracted LCs

An economic balance was established to estimate the financial profitability of the
recovery of LCs extracted from EOL-LCD panels. This calculation was based on 2500 tons
of panels per year or 680 panels per day for 220 working days per year. This number
corresponds to a rate of 97 panels per hour (one panel in 37 s) for a working week of five
days and seven hours of daily activity. The calculation also considered the panel size, which
is required for the estimation of LCs quantities to be extracted. The most representative
size of LCD panels in the current EOF-LCD waste stream is 35 inches.

3.5.1. Evaluation of the Amount of Liquid Crystals

The weight of the LC residues depends on the space between the two plates of glass
or the thickness (T) of LCs in the layers. This thickness can vary between 3 μm and 5 μm.
LCs are distributed over the entire inner face of the glass plate (active area, S). Finally, the
specific gravity (d) of the LCs varies from 0.97 to 1 g/cm3. Hence, the following simple
formula provides the theoretical mass of LCs:

Mass of extracted LCs (g) = T × S × d. (1)

The expected quantities of LCs are provided in Table 5. Applying a 60% recovery rate
for a manual process, 678 g of LC material can be obtained considering 680 panels of 35-inch
diameter per day. The recovery techniques must be implemented as an efficient process.

Table 5. Evaluation of mass of extracted LC from EOL-LCD (panels of 35-inch diameter).

LC Interlayer Thickness 3 μm 4 μm 5 μm

Specific gravity 1 g/cm3 1 g/cm3 1 g/cm3

Theoretical mass (one panel) 1.01 g 1.35 g 1.69 g

« Real » mass (one panel, for 60% of recovery rate) 0.61 g 0.81 g 1.01 g

Total per day (680 panels) 415 g 551 g 678 g
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3.5.2. Economic Benefits and Reuse Fields

The average price of LC mixtures sold for LCD applications varies between EUR
10 per gram and approximately EUR 100 per gram in the current market. As the use of
LCDs continues to rise significantly, the economic stakes are huge, fully justifying the
development of a LC recovery process. The LCs extracted from EOL-LCD panels have
many potential uses:

(a) LCD flat panels

The extracted molecule LCs can be recycled in the production of LCD flat panels if
their original electro-optical properties are maintained. It is conceivable in this case to
separate and purify the LC molecules in order to increase the recovery profitability. For
example, the Industrial Technology Research Institute (ITRI) has recovered and reused
100 tons of LC in order to assist Taiwanese LCD developers [18].

(b) Their use in PDLC systems

Purified LC molecules from EOL-LCD panels can be integrated into PDLC systems
(Polymer Dispersed Liquid Crystals). By making a suitable choice of components of the
mixture, it is possible to obtain a transparent film when the system is subjected to a sufficient
electric voltage (“on” state) and opaque in the absence of voltage (“off” state). These
materials are of interest for their many applications, especially in the field of electroactive
glazing and display devices [31–34].

(c) LCs recycled as lubricants

Recent studies conducted at the Fraunhofer Institute for Mechanics of Materials (IMM)
in Freiburg, Germany, have provided surprising results. While the friction force remains
constant with oil, when using an LC layer, the friction forces start to decrease to almost
zero after a certain time [35,36]. This application opens new perspectives for using LCs,
whose use was mainly oriented in the electronics and telecommunications fields. Moreover,
it would appear that the use of lower-quality LCs is as effective as using pure LCs in
LCD panels.

(d) Recycled liquid crystals and thermal effects (thermochromic molecules)

The majority of LC applications utilize their sensitivity to temperature. Extracted
LCs could also be used in temperature indicators (food packaging, medical sector), doc-
ument security domains (passports, banknotes, designer clothes labels), battery testers
and other voltage measuring devices, medical thermography, detection of radiation and
thermal mapping.

4. Conclusions

EOL-LCD panels contain several valuable materials such as plastics, metals and elec-
tronics that account for more than 90% by weight of all components of LCD panels. Even if
LC molecules represent less than 0.1% of all components by weight, their extraction and
the possibility of introducing them in new processes have gained real technological and
ecological interest. Indeed, this work presents the possibility of removing LC molecules
from EOL-LCDs by a simple mechanical method without the use of organic solvents. The
results show that all extracted LCs retain good optical, chemical and physical properties
despite the aging effects of the panels. The residue of LCs obtained from mechanical
extraction seems to be a good candidate material for further optical and electro-optical
applications. A high degree of purity of the extracted LC molecules was observed, prin-
cipally by NMR analysis, revealing the presence of chemical groups typical of nematic
LC structures. Moreover, POM and DSC studies also corroborate the findings of NMR. In
particular, only one nematic isotropic phase transition was found, indicating the existence
of a homogeneous LC phase.

One of the aims of this work was to enhance the yield of collected LC molecules
from used panels, purifying these products and looking forward to finding some interest-
ing applications. These LC molecules might be found in new flat LCD panels after the
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purification of LC concentrate, in polymer/LC systems, in thermal applications, i.e., as
temperature indicators, or they are used as lubricant to decrease friction forces. In order to
bridge the gap between academic studies and industrial applications, continuous research
and development work must be performed for all cases mentioned here. Studies will be
undertaken in our laboratory to further investigate the challenging issue of reusing recycled
LCs as mixtures.
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Abstract: Luminescent solar concentrators are relatively inexpensive devices proposed to collect,
convert, and redirect incident (sun)light for a variety of potential applications. In this work, dichroic
dyes are embedded in a liquid crystal elastomer matrix and used as feedstock for direct ink writing.
Direct ink writing is a promising and versatile application technique for arbitrarily aligning the
dichroic dyes over glass and poly(methyl methacrylate) lightguide surfaces. The resulting prints
display anisotropic edge emissions, and suggest usage as striking visual objects, combining localized
color and intensity variations when viewed through a polarizer.

Keywords: luminescent solar concentrator; liquid crystal elastomer; direct ink writing; fluorescent dye

1. Introduction

Luminescent solar concentrators (LSCs) are devices for collecting, converting, and
redistributing sunlight [1–7], and by combining a straightforward architecture with the
ability to control and modify light, have been proposed for use in a wide variety of
applications, including as electricity generators [8], for catalyzing chemical reactions [9],
enhancing horticultural production [10,11], as switchable “smart” windows [12], and for
hydrogen production [13], among others [6]. The basic design consists of a transparent
lightguide plate filled or topped with a fluorescent material. Incident (sun)light absorbed
by the fluorophore is re-emitted at longer wavelengths, a fraction of this emitted light
becoming trapped within the higher refractive index lightguide by total internal reflection,
escaping primarily from the edges of the lightguide.

Many organic fluorescent molecules have extended structures with absorption and
emission transition dipole moments more-or-less coincident with their molecular axis.
This means that, if macroscopically aligned, the dyes absorb specific linear polarizations
in preference to others. Likewise, emission of light is similarly expressed more strongly
in directions favoring emission perpendicular to the transition dipole moment axes than
parallel [14].

Considerable efforts have been directed towards improving the efficiency of LSC
devices. One approach involves aligning the luminophore molecules of the LSC homeotrop-
ically to reduce photon losses through the surface(s) of the lightguide after the emission
process and so increasing the efficiency [15–17]. When a suitably dichroic dye is used,
it is also possible to direct the emission by aligning the dye planar to the lightguide sur-
face [16,18–20]: by directing a significant fraction of the emitted light towards two rather
than four edges, it will be possible to deploy two rather than four photovoltaics on the
most radiant edges, reducing the overall cost of the device.

Nematic liquid crystals (LCs) have been used as a host for aligning dichroic organic lu-
minophores due to their self-assembling ability [16,18,19]. Previous work has demonstrated
deposition of oriented liquid crystalline elastomers (LCEs) via the additive manufacture
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technique of direct ink writing (DIW), a microextrusion technique wherein it has been
shown that printed LC inks have alignment following the print path [21–23]. These align-
ments have been further verified using the dichroic nature of embedded dyes [24,25]. In
this work, we deposit an LCE material embedded with organic fluorescent dyes on two
different substrates, glass and PMMA, to generate anisotropic LSC devices. If printing of
aligned fluorescent dyes is possible, this would allow for complex optical structures with
dye alignments varying over the surface of the device, which could find use in not only
LSCs, but also security features or advanced light control elements.

2. Materials and Methods

The basic procedure for producing the LCE involves a thiol-Michael addition reaction
described previously [23]. In summary, the LC diacrylate mesogens 2-methyl-1,4-phenylene
bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate) (“RM82”) and 2-methyl-1,4-phenylene bis(4-(3-
(acryloyloxy)propoxy)benzoate) (“RM257”, both from Merck KGaA) are added in a 1:1:2
molar ratio with the chain extender 2,2′-(ethylenedioxy)diethanethiol (TCI Europe N.V.),
and dissolved in dichloromethane (Biosolve) at 4 mL solvent per mg of reactants, in a
250 mL flask. The mix is stirred at room temperature for approximately 90 min before
catalyst dimethylphenylphosphine (Sigma-Aldrich) is added. The reaction is rapid [26];
but we left it for about 1 h to ensure the reaction went to completion.

The thermal polymerization inhibitor 2,6-di-tert-butyl-4-methylphenol (0.05 wt%), 2 wt%
photoinitiator phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide and 0.05-0.1 wt% of the
organic dye DFSB-K160 (“K160”, Risk Reactor Inc.) or 0.05-0.2 wt% 4-(dicyanomethylene)-
2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (“DCM”, Sigma-Aldrich) was then added
to the solution and mixed 30 min at room temperature. The mix is transferred to a PTFE
evaporation dish on a hot plate and left for 90 min at 50 ◦C, and then placed in a vacuum
oven for 30 min at 80 ◦C to evaporate the remaining solvent. The final material is a sticky
LC oligomer, suitable as DIW feedstock.

Ink deposition is accomplished using a Hyrel EHR 3D printer equipped with a TAM-15
high-operating temperature syringe extrusion head with a nozzle diameter of 0.335 mm
(Fisnar QuantX Micron-S Red). Squares of 2 × 2 cm2, and 2.5 × 2.5 cm2 are printed on
PMMA (50 × 50 × 5 mm3) or glass (30 × 30 × 1 mm3) substrates at printing speeds between
700 to 1000 mm min−1. Bed temperature was RT for the glass substrates and fixed at 30 ◦C
for the PMMA substrates, while the temperature of the syringe is set at 10 ◦C below the
nematic-isotropic transition, TNI, of the ink (usually around 70 ◦C, sample DSC data may be
found in the Supplementary Materials (SM) as Figure S1). After printing, which takes about
1 min, the samples are immediately illuminated with a high-intensity UV lamp (Excelitas
EXFO Omnicure S2000) for 15 min on the printed side and 15 min through the rear side to
polymerize and form the crosslinked elastomer.

NMR spectra (example spectrum seen as Figure S2 in the Supplementary Materials)
were recorded with a Bruker Avance III HD 400 MHz in chloroform-d (purchased from
Sigma-Aldrich Inc., 99.8 atom % D, 0.03% v/v tetramethylsilane). Average chain length
was determined by comparing the ratio of acrylate to mesogenic core signal [23]. Ther-
mal behavior of the inks was investigated with a TA Instruments DSC Q2000. Polarized
absorbances of the samples were recorded using a PerkinElmer Lambda 750 UV-vis-NIR
spectrophotometer equipped with an integrating sphere detector and rotating linear polar-
izer. Surface profiles and thickness of the prints were evaluated using a Sensofar S neox
3D optical profiler. To measure edge emission, samples were illuminated by a 300 W solar
simulator (Lot-Oriel) and output from sample edges was measured using a SLMS 1050
integrating sphere (Labsphere) equipped with a diode array detector (RPS900, International
Light). A correction was made for the small polarization anisotropy (~10%) of the solar
simulator. Internal efficiencies [27,28] were calculated as:

ηint =
# photons emitted

/
# photons absorbed (1)
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3. Results and Discussion

Two commercial fluorescent dyes were used in this work, the orange laser dye DCM
and lime-emitting K160. These two dyes have been used previously in spin-coated liquid
crystal thin films [18]. The dye-doped oligomeric inks were DIW on both glass and PMMA
substrates and photopolymerized to form the elastomers. Examples of K160 samples
printed on the two different substrates are shown in Figure 1a,b: no difference in LCE
adhesion to either substrate was observed.

Figure 1. Photographs of printed squares of the LC oligomer containing 0.05 wt% K160 on (a) PMMA
and (b) glass.

The dichroic order parameter, S, a common parameter to describe LC and dye align-
ments [3,12], of the fluorescent dye in the LC host is determined by measuring the absorp-
tion of light polarized along (Apar) and perpendicular (Aper) the direction of the liquid
crystal director using:

S =
Apar − Aper

Apar + 2Aper
(2)

The absorbance values are typically measured in a spectrophotometer equipped with a
rotating polarizer (for a sample spectra and appearance of the film under polarized optical
microscopy, see Figure S3 in the Supplementary Materials). From previous work using
spin-coated LC films on pre-treated substrates, the S-values of the two dyes were roughly
0.25–0.45 for DCM and 0.4–0.57 for K160 [18]. For the extruded material, we generally find
lower values for K160 of S = 0.1–0.3 on PMMA, depending on the resulting thickness of the
applied layer, as seen in Figure 2, with thinner layers generally displaying greater order
(all data may be found in the Supplementary Materials as Table S1). Two samples on glass
showed significantly higher order, averaging 0.45. Three 0.2 wt% DCM samples between 75
and 108 μm thick averaged S = 0.18, so somewhat lower than K160, as previously noted [18].
Once printed and photopolymerized, further heating the samples reduced the order, but
this loss was reversed upon cooling; see Figure S4 in the Supplementary Materials.

The reduced alignment in the DIW samples as compared to samples previously
reported at least partly results from the increased thickness of the DIW written samples
compared to spin coated samples; the DIW written samples rely entirely on the shear forces
generated during printing for alignment, and typical printed LCEs themselves only have
order parameters around S = 0.3 [21,29]. Additionally, the DIW samples demonstrate a more
scattered appearance, suggesting reduced order within the deposited stripe. Regardless,
the dyes do demonstrate a degree of anisotropic alignment. The advantage of using a
DIW process is that aligned dyes may be deposited in almost any pattern at any location
over the lightguide surface: this is considerably more complicated to achieve using spin
coating, for example. It would also be possible to deposit different dyes over the same
surface at discrete locations and deposition directions: while multicolor LSCs have been
demonstrated [30–32], none have deployed aligned dye materials.
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Figure 2. Derived order parameter, S, as a function of the thickness of the deposited layer for 0.05 wt%
K160 deposited on PMMA.

The emission power output was recorded for each of the four edges of the samples.
If the deposition direction of the DIW deposition is primarily parallel to the entry port of
the integrating sphere it is called “parallel edge”, while if it is perpendicular to the entry
port it is called “perpendicular edge”, similar to the earlier definition (see Figure 3a) [18].
Representative spectra obtained from the two edges for one DIW sample are shown in
Figure 3b. The edge emission data and calculated internal efficiencies may be found in
Table S1 in the Supplementary Materials.

Figure 3. (a) Definition of perpendicular and parallel edge emissions. The direction of the original
printing deposition is indicated, as well as the definitions of “perpendicular” and “parallel” edges.
The green arrows represent the relative edge emissions from the two edges. (b) Representative
comparison of edge emission spectra from the parallel (red line) and perpendicular (blue line) edges
of a 0.05 wt% sample of K160 with S = 0.26. The spectral features >650 nm are measurement artifacts.

The resulting ratios between the parallel and perpendicular emissions for square
samples on both PMMA and glass are plotted in Figure 4. Even though the order parameters
obtained are only modest, for each sample the difference in the edge emission is quite
discernable. In general, DIW of the oligomers produced considerably more scattering
samples than spin-coated LCs. This manifests as additional scatter in the spectra, and
readily visible in the somewhat “milky” appearance of the DIW samples. The printed
squares also show surface texture from the rounded nature of the printed lines, also a
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source of scatter. As a result, the dichroism of emission for the DIW samples is considerably
lower than that determined for the spin-coated samples [18].

Figure 4. Emission ratio of parallel to perpendicular edges for K160 (0.05 wt% black, 0.1 wt% blue)
and DCM (orange) samples on both glass (triangles) and PMMA (circles) substrates as a function of
the order parameter, S.

Normally, one might expect better alignment should mean higher emission ratios
but does not seem to be the case considering the glass samples (Figure 4 and Table S1
in the Supplementary Materials). We believe the diminished performance of the glass
lightguides is a result of the increased frequency of dye layer encounters by light travelling
through the lightguide by total internal reflection. Each encounter with the LCE/dye layers
increases the probability of light scatter and surface losses, and potentially polarization
randomization, and generation of more isotropic emission.

Despite the current modest order achieved in the printed dyes, there is interest in
continuing to improve the quality of the alignment because of the potential application
benefits. To demonstrate this potential, a sample was printed using DCM with different
regions of the surface printed in different directions. Unfortunately, due to the surface
structuring, the message integrated into the sample (“HI”) was visible by eye. However,
the difference between the text region and the background, printed with perpendicular
orientations, was more dramatic when viewing the sample through a polarizer (Figure 5a
depicts the sample viewed with transmission axis parallel to the printing direction of the
text, and Figure 5b perpendicular, and Video S1 in the Supplementary Materials; a similar
print using K160 may be seen in Figure S5). We are currently experimenting how to improve
the surface finish, for instance with a solvent vapor exposure, the use of surfactant in the
initial ink mixture, or through other means.
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Figure 5. Direct ink-written LSC-type sample with LC oligomer containing DCM dye printed in two
different directions viewed through a linear polarizer with absorption axis oriented (a) 0◦ and (b) 90◦

to the printing direction of the text.

By printing two differently colored inks on either side of a substrate, it is possible
to depict images with different colors depending on the orientation of light polarization
(Video S2 in the Supplementary Materials): this effect has been previously shown only
using dyes that themselves aligned perpendicularly in a unpolymerized LC cell [33]. This
printed sample also showed evidence of differently colored emission from perpendicular
edges of the lightguide (see Figure S6 in the Supplementary Materials). Finally, circularly
aligned samples were produced centered at different locations on the lightguide which
could lead to high concentrations of light at the center or discrete edge regions of the plate
(Figure S7) [20].

4. Conclusions

This work demonstrates DIW of two dichroic dyes embedded in a liquid crystal
oligomer resulting in LSC-like devices with directional emission. Even though the order
parameter, S, was modest compared to conventional samples deposited by spin coating,
we still obtained positive edge emission ratios for each sample. Direct ink writing of
transparent dye-doped LC elastomers presents a challenge, as the natural surface roughness
of the prints and the thick layers result in reduced alignment and increased light scattering.
Improving the printing parameters could allow application of the anisotropic emitting LSCs
as security features, spectral converters and separators for use in agriculture, among others.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12111642/s1. Table S1: Material properties, ink compositions,
deposition parameters, measured and derived properties of all the DIW LSC samples described in this
work; Figure S1: Endothermic and exothermic DSC curves of a representative ink before inclusion of
the dye; Figure S2: 1H NMR spectra of the synthesized ink; Figure S3: Polarized absorbance spectra
of Coumarin yellow dye; Figure S4: Thermal cycling of K160 dye in LCE matrix; Figure S5: Direct ink
written LSC-type sample; Figure S6: Photograph of PMMA lightguide and edge emission spectra
from two perpendicular edges of the LSC device; Figure S7: DIW written K160 samples with the
deposition done following an outwardly increasing spiral lightguide and edge centered; Video S1:
Video depicting DIW sample using DCM dye viewed through a rotating polarizer; Video S2: Video
depicting sample with DIW square containing K160 on top and DCM square deposited in opposite
direction on bottom viewed through a rotating polarizer to show differences in apparent color.

Author Contributions: Conceptualization, M.G.D.; methodology, M.G.D. and J.A.H.P.S.; formal anal-
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Abstract: This paper introduces anisotropic nickel yttrium oxide (NYO) film formed by the brush
coating technique. X-ray photoelectron spectroscopy confirmed well-formed NYO film after the
curing process, and the morphology of the surface was investigated using atomic force microscopy.
The shear stress driven from brush hair movements caused the nano/micro-grooved anisotropic
surface structure of NYO. This anisotropic surface induced uniform liquid crystal (LC) alignment on
the surface, which was confirmed by pre-tilt angle analysis and polarized optical microscopy. The
contact angle measurements revealed an increase in hydrophilicity at higher temperature curing,
which contributed to homogenous LC alignment. The NYO film achieved good optical transmittance
and thermal stability as an LC alignment layer. In addition, the film demonstrated good electro-
optical properties, stable switching, and significantly enhanced operating voltage performance in a
twisted-nematic LC system. Therefore, we expect that this brush coating method can be applied to
various inorganic materials to achieve an advanced LC alignment layer.

Keywords: brush coating; nickel yttrium oxide; surface morphology; liquid crystal; low voltage operation

1. Introduction

With the rapid development of surface engineering, interest in highly functional and
economical devices is increasing in the optical, electronic, and display industries. Liquid
crystals (LCs) are versatile materials that can be applied to many industries due to their
unique properties, such as the intermediate state of liquid and solid, refractive anisotropy,
and dielectric anisotropy [1–3]. In particular, LC displays (as a representative application
of using LCs) have received significant attention due to their durability, excellent electro-
optical (EO) properties, and high resolution [4–7]. For high-performance LC-based devices,
uniform LC alignment should be achieved. This is because the LCs that uniformly aligned
can control the light with high reliability, whereas irregularly distributed LCs cause the light
leakage effect and unstable EO properties, which can deteriorate device performance [8,9].
Accordingly, LCs are located on the alignment layer, where the alignment state is affected
by interactions between the LCs and the alignment layer.

Various treatments have been researched for the alignment layer to induce uniform LC
alignment, including the rubbing method [10,11], ultraviolet photoalignment [12], oblique
deposition [13], and plasma treatment [14]. Especially the method called rubbing has been
extensively adopted in industry because of its simple and cost-effective properties. In this
method, anisotropic microgrooves are produced on the alignment layer surface through
contact with a high-speed rotating fabric roller to induce uniform LC alignment. However,
this intense mechanical contact also causes cracks, local defects, and electrostatic problems,
resulting in a breakdown of device performance [15].
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Herein, we introduce the brush coating technique to induce uniform LC orientation on
the alignment layer. This method is very convenient and can integrate the film formation
process and treatment process for alignment layer, resulting in high throughput and cost-
effectiveness. Moreover, this solution-based brush coating method can induce shear stress
to the solution (by brush hair sweeping) and a retracing force on the deposited solution. We
assumed that this shear stress could generate a directional distribution of the solution and
the subsequent rapid heat application could form the anisotropic microgroove film surface
with the sol-gel method. Nickel yttrium oxide (NYO) was used for the alignment layer
due to its good dielectric characteristics, which means the potential of EO performance as
an alignment layer [16,17]. The sol-gel-based brush coating method was adopted with a
glass substrate, and the film curing temperature was varied. The film surface morphology
was verified by atomic force microscopy (AFM). X-ray photoelectron spectroscopy (XPS)
verified the well-formed NYO film state. Optical transparency of the layer was confirmed
by ultraviolet-visible-near infrared (UV-vis-NIR) spectroscopy, and the atomic structural
properties were verified by X-ray diffraction (XRD). In addition, contact angle investigation
was conducted to verify the chemical affinity of the film surface. The LC orientation state
was confirmed by polarized optical microscopy (POM) and pre-tilt angle analysis, and the
EO characteristics of the film were examined in a twisted-nematic (TN) LC system.

2. Materials and Methods

To form the NYO film, 2 cm × 3 cm glass substrates were prepared. They were cleaned
by the sonification method using isopropyl alcohol and acetone. The substrates were
treated in each solvent for 10 min with subsequent drying with N2 gas. The 0.1 M NYO
solution was then produced by mixing nickel(II) chloride hydrate and yttrium(III) nitrate
hexahydrate at a ratio of 1:9 in a 2-methoxyethanol solvent. The mixed solution was then
stirred at 430 rpm for 2 h at 75 ◦C and then aged for at least 24 h. The used metal mateials
are for the sol-gel process, and thus the sol state of NYO is uniformly distributed in the
solution. The prepared brush hair was saturated in the solution and the combing of the hair
on the prepared glass substrate produced the film deposition process. Subsequently, the
curing process was enacted under 70, 150, and 230 ◦C conditions. The curing made sol-gel
transition, with decomposing and hardening the oxide material, and formed the NYO film.

Stoichiometric differences of the brush-coated NYO films (depending on curing tem-
perature) were examined by XPS (K-alpha, Thermo Scientific, Waltham, MA, USA). A
monochromatic Al X-ray source (Al Ka line:1486.6 eV) was used with a 12 kV/3 mA
power source. The surface morphology information of the film surface was investigated
using AFM (NX-10, Park Systems, Seoul, Korea) and corresponding line profile data. The
dektakXT stylus profiler (Bruker, Billerica, MA, USA) was used for measuring the NYO
film thickness with 2 μm radius tip. The thickness was measured to 243.32 nm. The opti-
cal transmittance of the film was then evaluated with UV-Vis-NIR spectroscopy (JASCO
Corporation, V-650, Tokyo, Japan) using a wavelength range of 250–850 nm. Using the
measurement result in air as a baseline, the transmittance of the glass substrate, the indium-
tin-oxide (ITO)-coated glass substrate, and the NYO film coated glass substrate were
measured, respectively. The surface chemical affinity of the film was examined through
contact angle measurements using the sessile drop technique with deionized water and
diiodomethane. A phoenix 300 surface angle analyzer and the IMAGE PRO 300 software
were used for the analyses. The atomic structural properties of the film were examined by
XRD (DMAX-IIIA, Rigaku, Tokyo, Japan) with a 2-theta range of 20–80◦.

To verify the LC alignment state on the brush-coated NYO film, anti-parallel (AP) cells
were assembled by the brush-coated NYO films, which were cured at various temperatures.
The cell gap was uniformly assembled to 60 μm, and then positive nematic LCs (IAN-
5000XX T14, TN→I = 81.8 ◦C, Δn = 0.111, ne = 1.595, no = 1.484; JNC) were injected into
the cells by syringes via capillary force. The assembled LC cells were observed by POM
(BXP 51, Olympus, Tokyo, Japan) to confirm the LC alignment state, and the pre-tilt of
the LCs in the cell was investigated using the crystal rotation method (Autronic TBA 107).
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Thermal stability to LC alignment was inspected by the annealing process and subsequent
POM measurements. To examine the EO properties, a TN-LC cell was assembled with a
uniform cell gap of 5 μm. The response time-transmittance (R-T) and voltage-transmittance
(V-T) graphs were measured using the LCD evaluation system (LCMS-200) to confirm the
switching and operating voltage characteristics.

3. Results and Discussion

As illustrated in Figure 1, brush hair movement during the brush coating process was
expected to form directional NYO precursor distribution on the substrate via shear stress,
which originated from the retracing force on the deposited bulk solution [18,19]. This sol
state of the NYO could be transformed into a gel state during the curing process, forming a
directional NYO film structure on the surface.

Figure 1. Brush coating process illustration and the expected structure of nickel yttrium oxide film
after the curing process.

To verify the morphology of the NYO film, AFM measurements, and corresponding
line profile analyses were conducted, as depicted in Figure 2. When the curing process
progressed at 70 and 150 ◦C, some large lumps were measured on the surface that were
attributed to large NYO particles between the brush hairs, although neither sample exhib-
ited any distinct structural property with irregular morphology. The corresponding line
profiles also denoted an irregular structure, which could not be perceived as anisotropic
morphology. In contrast, the 230 ◦C cured sample exhibited an anisotropic structure that
was aligned in a single direction, similar to the brush coating direction in the AFM result.
In terms of line profile, the surface exhibited an anisotropic micro/nano-groove structure
in which the height increased and decreased repeatedly according to the direction of brush
coating. This anisotropic structure originated from the NYO precursors that were dis-
tributed during the brush coating process [20]. From these results, it was demonstrated
that curing temperature is the important factor when forming an anisotropic NYO film
structure while maintaining the directional property of the NYO precursors. In addition,
the application of sufficiently high temperature should be guaranteed to ensure rapid
transformation of the NYO sol state to a gel state. When the curing temperature was too
low, sufficient transformation did not occur and unstable films were formed under the
influence of residual solvent.
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Figure 2. Atomic force microscopy images and corresponding line profiles of the brush−coated
nickel yttrium oxide films cured at 70, 150, and 230 ◦C (The red dotted line corresponds to the line
profile data). Direction of brush coating is denoted by a yellow arrow.

The stoichiometric difference between the 70 and 230 ◦C cured NYO films was in-
vestigated by XPS analysis, from which the Ni 2p, Y 3d, and O 1s core-level spectra were
obtained (Figure 3). In the Ni 2p spectra, both samples revealed four sub-peaks, repre-
senting Ni 2p3/2, Ni 2p1/2, and two satellites. The 3/2 and 1/2 peaks were respectively
centered at 854.46 and 872.13 eV for the 70 ◦C sample, compared to 854.38 and 871.85 eV for
the 230 ◦C sample. The Y 3d spectra comprised two sub-peaks, which represented Y 3d5/2
and Y 3d3/2 in each for both samples. Each peak was centered at 157.89 and 159.84 eV for
the 70 ◦C sample compared to 157.23 and 158.88 eV for the 230 ◦C sample. The O 1s spectra
comprised two sub-peaks, each indicating metal-oxide bonding and oxygen vacancy. These
peaks were centered in the ranges of 528.50–530.00 eV and 531.00–531.50 eV, respectively.
The peak intensity increases of Ni 2p, Y 3d, and metal-oxide bonding as the curing tempera-
ture is increased from 70 to 230 ◦C indicated that thermal oxidation was well-progressed at
the higher curing temperature [21]. This contributed to the formation of a stable NYO film
during the curing process, although 70 ◦C curing was relatively insufficient for producing
a stable oxidized NYO film structure, as confirmed by the AFM analysis.
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Figure 3. X-ray photoelectron spectroscopy results of Ni 2p, Y 3d, and O1s core levels obtained from
brush-coated nickel yttrium oxide films which were cured at 70 and 230 ◦C.

To verify the adoptability of the brush-coated NYO film to the LC alignment layer,
the film’s optical transparency was measured (Figure 4). In addition, the transparency of
plain and ITO coated glasses were obtained for comparison. The 70 and 150 ◦C cured films
exhibited significantly lower transmittance curves compared to the 230 ◦C cured film. This
confirmed that the optical properties of the 70 and 150 ◦C cured samples were deteriorated
by the residual-solvent effect, whereas the 230 ◦C cured sample achieved a stable film state
in terms of optical properties. The average transmittance of the 230 ◦C cured sample was
85.9% in the visible region (380–740 nm wavelength in this study). Considering that the
corresponding values for the plain and ITO glasses were 86.5% and 82.3%, respectively, it
was verified that the 230 ◦C cured brush-coated NYO film has the potential to be adopted
as an LC alignment layer.
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Figure 4. Optical transparency graphs acquired from the brush-coated nickel yttrium oxide films,
plain glass, and indium-tin-oxide-coated glass.

The LC alignment state on the brush-coated NYO film was evaluated by POM mea-
surements of AP LC cells assembled by the NYO films cured at 70, 150, and 230 ◦C. The
corresponding POM results are represented in Figure 5a. The 70 and 150 ◦C cured sample-
based LC cells revealed some defects and presented entirely yellowish images in POM
when the polarizer and analyzer were vertically crossed. This signified instability of LC
alignment and a light leakage effect of the LC cell, representing randomly distributed LCs
on the NYO film. In contrast, the 230 ◦C cured sample-based LC cell exhibited a distinctly
dark POM image without defects, indicating a uniform LC alignment state in the cell. The
uniformly aligned LCs can guide the light unidirectionally, meaning that the polarized
light from the polarizer could pass through the LC cell without any distortion. This light
was blocked by the analyzer (placed after the LC cell), resulting in no light being observed
in the POM measurement, as illustrated in Figure 5b.

The pre-tilt angle of LCs on the NYO alignment layer was investigated using the crys-
tal rotation method via the oscillated transmittance curves of the LC cells, as depicted in
Figure 6a [22,23]. The red line in the graph was obtained from the experimentally measured
curve, whereas the blue line represented simulation data acquired from information on the
LC cell gap and injected LCs in the cell. The 70 and 150 ◦C cured sample-based LC cells
exhibited irregular experimental curves, which demonstrated a significant mismatch rate
with the simulation data. This indicates an unstable LC distribution on the alignment layer;
hence, the pre-tilt angle could not be obtained. In contrast, the 230 ◦C cured sample-based
LC cell achieved a high match rate between the simulation and experimental data and the
LC pre-tilt angle could be obtained (0.19◦) with high reliability. This indicates a homoge-
neous LC alignment state on the NYO alignment layer. From the AFM, POM, and LC pre-tilt
angle analysis, it was revealed that the directional anisotropic surface of the 230 ◦C cured
NYO film could induce uniform and homogeneous LC alignment. With the nano/micro-
grooved boundary of the surface, the LCs on the surface were constrained geometrically
to the corresponding surface directionality, achieving uniform orientation [24–27]. The
LCs have collective behavior characteristics and also fluidity, which are originated from
the van der Waals forces between the LC molecules with accompanying elastic distortion.
Hence, the surface LC molecules’ orientation information is propagated to the LCs in the
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cell, achieving uniform LC alignment in the cell. The LC alignment on the brush-coated
NYO film is illustrated in Figure 6b.

The chemical affinity of the brush-coated NYO film surface was analyzed using contact
angle measurements, as shown in Figure 7a. Here, deionized water and diiodomethane
were used and their contact angles were reduced from 57.0◦ to 38.8◦ and from 55.3◦ to 44.3◦,
respectively, as the film curing temperature was increased from 70 to 230 ◦C. The surface
energies of the samples were calculated using the Owen–Wendt method, as depicted
in Table 1 [28]. The increase in surface energy indicated that the hydrophilicity of the
NYO surface increased as the curing temperature increased. This can contribute to the
homogeneous alignment of LC molecules on the surface, and corresponds to the LC pre-tilt
angle analysis. The crystallinity of the 230 ◦C cured brush-coated NYO film was also
analyzed using XRD, as shown in Figure 7b. In the range of 20–80 2-theta degrees, no
distinct peak was observed, indicating that the NYO film has an amorphous structure.
Although the solution-processed oxide film generally exhibited an amorphous structure
below 500 ◦C curing [29], the 230 ◦C cured brush-coated NYO film achieved uniform LC
alignment on the surface. Therefore, this demonstrated that the amorphous structure of the
alignment layer did not affect the uniform alignment of the LC molecules.

Figure 5. (a) Polarized optical microscopy results of anti-parallel liquid crystal (LC) cells made from
brush-coated nickel yttrium oxide films cured at 70, 150, and 230 ◦C. The analyzer (“A”) and polarizer
(“P”) directions are denoted by white arrows. (b) Schematic of light blocking process with uniformly
aligned LCs in the cell.
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Figure 6. (a) Oscillated transmittance graphs measured from the anti-parallel LC cells based on the
variously cured brush−coated nickel yttrium oxide films. The blue line denotes the simulation data,
and the red line indicates the experimental data. (b) Schematic of the LC alignment on the anisotropic
nickel yttrium oxide alignment layer.

Figure 7. (a) Contact angle measurement results of the brush-coated nickel yttrium oxide films cured
at 70 and 230 ◦C using deionized (DI) water and diiodomethane. (b) X-ray diffraction graph of the
brush-coated nickel yttrium oxide film cured at 230 ◦C.

Table 1. Contact angles and surface energies of the brush-coated nickel yttrium oxide films cured at
70 and 230 ◦C.

Curing Temperature (◦C)
Contact Angle (◦) Surface Energy

(mJ/m2)Deionized Water Diiodomethane

70 57.0 55.3 49.1
230 38.8 44.3 63.1
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It is known that LC devices containing numerous switching components are subject
to increasing temperature. Therefore, thermal stability of the alignment layer to uniform
orientation of LCs is an significant factor in applications. Accordingly, the thermal en-
durance of the brush-coated NYO film to LC alignment was analyzed by the annealing
process and POM measurements, as shown in Figure 8. Increasing temperature was applied
from 90 to 180 ◦C at intervals of 30 ◦C. Uniform LC orientation state was verified by the
POM results up to 150 ◦C. However, when the heat was increased to 180 ◦C, the POM
result revealed defects, which indicated broken LC alignment. This result demonstrates the
suitable thermal stability and potential of the NYO layer as an application to alignment
layer of LCs compared to conventional PI layers [30].

Figure 8. Thermal endurance of the brush-coated nickel yttrium oxide film to uniform LC alignment.
Annealing was conducted from 90 to 180 ◦C at intervals of 30 ◦C for 10 min at each temperature.

The EO characteristics of the brush-coated NYO film were investigated using the R-T
and V-T graphs, which were obtained from a TN-LC cell made from the NYO alignment
layer. In the TN-LC system, the LCs in the cell converted their state between fall and rise
depending on the applied external voltage. Moreover, the light transmittance could be
controlled from this state transition. The R-T graph (Figure 9a) revealed the stable switching
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performance of the NYO film-based TN-LC cell. The LC fall and rise state transition
times were obtained to 13.7 and 3.6 ms in each, and the response time which obtained by
the summation of rise and fall transition times was acquired as 17.3 ms. Moreover, the
threshold voltage corresponding to 90% of optical transmittance was obtained as 0.9 V
(Figure 9b). This value represents the enhanced voltage operating characteristic of the NYO
film compared to that of conventional PI layers [31]. This also demonstrates the superior
threshold voltage property compared to other recent studies of LC alignment layers [32,33].
Importantly, this low operating voltage results in low consumption of power. These results
verified that the NYO film formed by brush-coating technique has a high potential for
applications in TN-LC systems.

Figure 9. Investigation into electro-optical properties of twisted-nematic LC cell assembled from
brush-coated nickel yttrium oxide films. (a) Response time and (b) threshold voltage.

4. Conclusions

An anisotropic NYO film surface was achieved using the brush coating method and
was utilized as an LC alignment layer in this study. The NYO film was cured at 70, 150,
and 230 ◦C after solution-processed brush coating, and the morphology of the formed films
surface was investigated by AFM. The 230 ◦C cured film had a directional surface, and
the XPS confirmed the well-formed NYO layer on the substrate. The directional surface
was attributed to the shear stress, which was generated through the retracing force on the
deposited solution. This nano/micro-grooved surface induced surface anisotropy, deriving
uniform LC orientation on that. The homogeneous and uniform LC orientation state was
demonstrated by POM and pre-tilt angle measurements. The NYO film achieved high
optical transparency, and the contact angle analyses revealed an increase in hydrophilicity
at higher curing temperatures. The LC cell fabricated by the NYO film exhibited suitable
thermal endurance to LC alignment. Moreover, the NYO alignment layer also achieved
good switching properties and enhanced operating voltage characteristics in a TN-LC sys-
tem. Given these advantages, brush-coated NYO film has a high possibility for functional
LC alignment layers.
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Abstract: Thirteen new liquid crystalline racemic mixtures were synthesized and investigated. For
these racemic mixtures, the phase sequences and their changes were determined by polarizing optical
microscopy (POM). The phase transition temperatures and transition enthalpies were checked by
differential scanning calorimetry (DSC). All new racemates have an anticlinic smectic CA phase
in a broad temperature range. Three highly tilted antiferroelectric mixtures were doped with six
racemates at a concentration of 20% by weight. The helical pitch of the prepared mixtures was
measured by the spectrophotometry method. All doped mixtures have a longer helical pitch than the
base mixtures.

Keywords: synthesis; racemates; anticlinic phase; antiferroelectric mixtures; helical pitch

1. Introduction

The racemic mixture, also called racemate, is the mixture of equal quantities of two
enantiomers or substances that have dissymmetric molecular structures, i.e., mirror images
of one another (Figure 1). Each enantiomer rotates the plane of polarization of plane-
polarized light through a characteristic angle, but because the rotatory effect of each
component exactly cancels that of the other, the racemic mixture is optically inactive [1,2].

Figure 1. Example of D- and L-enantiomers.

The racemates can be used as dopants for the liquid crystalline mixtures, improving
some of their properties, such as the antiferroelectric phase range, the helical pitch length,
the reduction of the rotational viscosity, the decrease of the values of the spontaneous
polarization, etc. [3–5]. Liquid crystalline mixtures are widely used in optical devices; there-
fore, new materials are constantly being developed for this purpose [6–11]. The use of the
racemates also leads to a reduction in the preparation costs of the liquid crystalline mixtures.
They can also be separated by chiral chromatography (HPLC, UPLC, SFC) [12–19].
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Herein, thirteen new racemic mixtures with the acronym: n.(X1X2) (R,S) and the
general formula shown in Figure 2a are synthesized, and their mesomorphic and thermo-
dynamic properties are measured and discussed.

 
(a) 

 
(b) 

 

Figure 2. (a) The general formula of the synthesized racemic mixtures. (b) Scheme of the synthesis of
the new racemic mixtures.

Six of the racemates are used as dopants for three highly tilted antiferroelectric liquid
crystalline mixtures. The base mixtures are described in Refs. [20,21]. All the components
of the base mixtures are (S) enantiomers belonging to the same homologous series. The
aim of the work is to discuss the mesomorphic properties of the racemates with a wide-
temperature anticlinic phase and to demonstrate the advisability of using the racemates as
dopants for the antiferroelectric mixtures. If so, it would be possible to extend the range of
the antiferroelectric phase and thus increase the helical pitch, which is quite sensitive to
doping [3,4,22–25]. An analysis of the obtained results is presented.

2. Synthesis of the Racemic Mixtures

In this work, thirteen previously unpublished racemates were synthesized by treating
(R,S) 4′-(1-methylpentyloxycarbonyl)biphenol with benzoic acid chloride, see Figure 2b.
The synthesis of the racemates was carried out as described in Ref. [3]. The benzoic acids
were synthesized using the method described in Ref. [26].
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For the synthesis of (R,S) 4′-(1-methylpentyloxycarbonyl)biphenol, the method de-
scribed in Ref. [27] was chosen. The commercially available (R,S)-2-hexanol was used for
the synthesis.

The purity of the synthesized racemates was checked using a Shimadzu prominence
chromatograph with an SPD-M20A diode array detector. The purity of the racemates was
also monitored by thin-layer chromatography (silica gel on aluminum).

The purity of the racemates, determined by HPLC, is shown in Table 1. About 1 g of
the final racemates were synthesized in all cases. The purity is 99% or more.

Table 1. The purity of the synthesized racemic mixtures.

The Acronym of the Racemic Mixture Purity [%]

2.(HH) (R,S) 99.0

2.(HF) (R,S) 99.0

2.(FH) (R,S) 99.7

3.(HF) (R,S) 99.5

3.(FF) (R,S) 99.5

4.(HH) (R,S) 99.9

4.(HF) (R,S) 99.0

5.(HH) (R,S) 99.8

5.(FH) (R,S) 99.8

5.(FF) (R,S) 99.8

6.(FH) (R,S) 99.3

6.(FF) (R,S) 99.7

7.(HH) (R,S) 99.2

The structure of the racemic mixtures was confirmed by 1H NMR and 13C NMR
nuclear magnetic resonance. The NMR spectra were acquired on a Bruker Avance III
500 MHz spectrometer. This device has a superconducting magnet, which generates a
magnetic field at induction 11.75 T, and for the sample radiation effects at a frequency of
500 MHz for protons and 125 MHz for carbon nuclei. The deuterated chloroform (CDCl3)
as the solvent was used. The spectra of all of the samples were measured at 25 ◦C.

The 1H NMR and 13C NMR spectra of all racemates were added to the Supplementary
Materials (Figures S1–S26). Details of the basic chemical characterization of the new
racemates are presented below (the acronyms of the racemates are used).
2.(HH) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.66 (m, -CH2-); 1.78 (m, -CH2-); 4.06 (t,
-CH2-); 4.13 (t, -CH2-); 4.06-4.27 (t, -CH2-); 5.21 (sext, -CH-), 7.02 (d, CArH), 7.34 (d, CArH),
7.68 (q, CArH), 8.15 (dd, CArH).
13C {1H} NMR [ppm]: 14.0 (s, CH3); 20.1 (s, CH3); 22.6 (s, CH2), 27.6 (s, CH2), 35.8 (s, CH2),
67.6 (s, CH2), 68.2 (t, CF), 71.2 (s, CH2), 71.8 (s, CH), 114.4 (s, CArH), 122.2 (s, CArH), 122.3
(s, CAr), 126.9 (s, CArH), 128.3 (s, CArH), 129.8 (s, CAr), 130.1 (s, CArH), 132.4 (s, CArH),
137.8 (s, CAr), 144.6 (s, CAr), 151.1 (s, CAr), 162.9 (s, CAr), 164.8 (s, CAr), 166.1 (s, CAr).
2.(HF) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.61 (m, -CH2-); 1.78 (m, -CH2-); 4.06 (t,
-CH2-); 4.12 (t, -CF-); 4.25 (t, -CH2-); 5.22 (sext, -CH-), 6.77 (dd, CArH), 7.35 (d, CArH), 7.68
(q, CArH), 8.09 (s, CArH), 8.11 (s, CArH), 8.13 (s, CArH), 8.14 (s, CArH).
13C {1H} NMR [ppm]: 14.0 (s, CH3); 20.1 (s, CH3); 22.6 (s, CH2), 27.6 (s, CH2), 35.8 (s, CH2),
67.9 (s, CH2), 68.2 (t, CF), 71.0 (s, CH), 71.8 (s, CH), 103.1 (d, CArF), 110,6 (d, CArF), 110.8 (d,
CArF), 122.2 (s, CArH), 126.9 (s, CArH), 128.3 (s, CArH), 129.8 (s, CAr), 130.1 (s, CArH), 134.0
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(s, CAr), 137.9 (s, CAr), 144.6 (s, CAr), 150.8 (s, CAr), 162.3 (s, CAr), 162.4 (s, CAr), 164.0 (d,
CF), 164.9 (s, CAr), 166.1 (s, CAr).
2.(FH) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3); 1.38 (d, -CH2-); 1.66 (m, -CH2-); 1.78 (m, -CH2-), 4.09 (t,
-CH2-), 4.16 (t, -CH2-), 4.35 (t, -CH2-), 5.22 (sext, -CH-); 7.09 (t, CArH), 7.32 (d, CArH), 7.69 (t,
CArH), 7.95–8.02 (dd, CArH); 8.13 (d, CArH).
13C {1H} NMR [ppm]: 13.9 (s, CH3); 20.1 (s, CH3), 22.6–35.8 (s, CH2), 68.4 (t, CF); 69.0 (s,
CH); 71.1 (s, CH); 71.8 (s, CH); 122.2 (s, CArH), 122.7 (d, CArF), 126.9 (s, CArH), 127.4 (d,
CArF), 150.9 (d, CArF), 151.2 (d, CArF), 152.9 (s, CAr), 163.0 (d, CArF), 166.0 (s, CAr).
3.(HF) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3); 1.38 (d, -CH2-); 1.65 (m, -CH2-); 1.78 (m, -CH2-); 2.15 (m,
-CH2-); 3.83 (t, -CH2-); 3.98 (t, -CH2-); 4.17 (t, -CH2-); 5.21 (sext, -CH-); 6.7–6.9 (dd, CArH);
7.34 (d, CArH), 7.68 (q, CArH), 8.09 (t, CArH), 8.13 (d, CArH).
13C {1H} NMR [ppm]: 14.0 (s, CH3); 20.1 (s, CH3), 22.6–35.8 (s, CH2); 64.9 (s, CH2); 67.8 (t,
CF), 69.1 (s, CH); 71.8 (s, CH); 102.9 (d, CF), 110.1 (d, CArF); 110.7 (d, CArF); 162.4 (d, CArF);
162.9 (s, CAr), 164.5 (d, CArF), 165.0 (s, CAr), 166.1 (s, CAr).
3.(FF) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.66 (m, -CH2-); 1.78 (m, -CH2-); 2.19 (sext,
-CH-), 3.86 (t, -CH2-), 3.99 (t, -CH2-), 4.28 (t, -CH2-), 5.21 (sext, -CH-), 6.88 (t, CArH); 7.34 (d,
CArH); 7.69 (t, CArH); 7.90 (t, CArH); 8.13 (d, CArH).
13C {1H} NMR [ppm]: 13.9 (s, CH3); 20.1 (s, CH3); 22.6–35.8 (s, CH2), 66.0 (s, CH2), 67.8 (t,
CH), 68.8 (s, CH2), 71.8 (s, CH), 108.5 (s, CArH), 122.2 (s, CArH), 126.9 (s, CArH), 127.1 (d,
CArF), 128.4 (s, CArH), 129.9 (s, CArH), 130.1 (s, CArH), 138.1 (s, CArH), 140.4 (dd, CArF),
144.5 (s, CAr), 150.6 (s, CAr), 150.8 (d, CArF), 161.9 (s, CAr), 166.0 (s, CAr).
4.(HH) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.66 (m, -CH2-); 1.78 (m, -CH2-); 1.85 (m,
-CH2-); 1.96 (m, -CH2-); 3.72 (t, -CH2-); 3.97 (t, -CH2-); 4.11 (t, -CH2-); 5.21 (sext, -CH-), 7.00
(d, CArH), 7.33 (d, CArH), 7.69 (q, CArH), 8.13 (d, CArH), 8.18 (d, CArH).
13C {1H} NMR [ppm]: 14.0 (s, CH3); 20.1 (s, CH3); 22.6 (s, CH2), 25.7 (s, CH2), 26.2 (s, CH2),
27.6 (s, CH2), 35.8 (s, CH2), 67.8 (s, CH2), 71.8 (s, CH), 72.6 (s, CH), 114.3 (s, CArH), 121.6 (s,
CAr), 122.3 (s, CArH), 126.9 (s, CArH), 128.3 (s, CArH), 129.7 (s, CAr), 130.1 (s, CArH), 132.4
(s, CArH), 137.6 (s, CAr), 144.6 (s, CAr), 151.2 (s, CAr), 163.5 (s, CAr), 164.9 (s, CAr), 166.1 (s,
CAr).
4.(HF) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.66 (m, -CH2-); 1.82 (m, -CH2-), 1.96 1.82 (m,
-CH2-), 3.71 1.82 (t, -CH2-), 3.96 1.82 (t, -CH2-), 4.08 1.82 (m, -CH2-), 5.20 (sext, -CH-), 6.70
(dd, CArH), 6.81 (dd, CArH), 7.33 (d, CArH), 7.67 (q, CArH), 8.08 (t, CArH), 8.13 (d, CArH).
13C {1H} NMR [ppm]: 13.9 (s, CH3); 20.0 (s, CH3); 22.6 (s, CH2); 25.6 (s, CH2); 26.1 (s, CH2);
27.6 (s, CH2); 35.8 (s, CH2); 67.6 (t, CF); 68.3 (s, CH2); 71.8 (s, CH); 72.6 (s, CH); 102.8 (d, CF);
109.8 (d, CF); 110.8 (d, CF); 122.3 (s, CArH), 126.9 (s, CArH), 128.3 (s, CArH), 129.7 (s, CAr),
130.1 (s, CArH), 133.9 (s, CAr), 137.8 (s, CAr), 144.6 (s, CAr), 150.8 (s, CAr), 162.4 (d, CArF),
162.9 (s, CAr), 164.7 (d, CArF), 165.0 (s, CAr), 166.1 (s, CAr).
5.(HH) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.63 (m, -CH2-); 1.74 (m, -CH2-); 1.89 (sext,
-CH-), 3.67 (t, -CH2-); 3.95 (t, -CH2-); 4.09 (t, -CH2-); 5.20 (sext, -CH-), 7.00 (d, CArH), 7.32 (d,
CArH), 7.68 (q, CArH), 8.13 (d, CArH), 8.18 (d, CArH).
13C {1H} NMR [ppm]: 14.0 (s, CH3); 20.1 (s, CH3); 22.4 (s, CH2), 22.6 (s, CH2), 27.6 (s, CH2),
28.8 (s, CH2), 29.2 (s, CH2), 35.8 (s, CH2), 67.3 (t, CF), 68.0 (s, CH2), 71.8 (s, CH), 72.9 (s,
CH), 114.3 (s, CArH), 121.5 (s, CAr), 122.3 (s, CArH), 126.9 (s, CArH), 128.3 (s, CArH), 129.7
(s, CAr), 130.1 (s, CArH), 132.4 (s, CArH), 137.7 (s, CAr), 144.6 (s, CAr), 151.2 (s, CAr), 163.5 (s,
CAr), 164.9 (s, CAr), 166.1 (s, CAr).
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5.(FH) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.64 (m, -CH2-); 1.74 (m, -CH2-); 1.93 (m,
-CH2-); 3.67 (t, -CH2-); 3.95 (t, -CF-); 4.16 (t, -CH2-); 5.21 (sext, -CH-), 7.06 (t, CArH), 7.31 (d,
CArH), 7.68 (t, CArH), 7.93 (dd, CArH), 8.00 (d, CArH), 8.13 (d, CArH).
13C {1H} NMR [ppm]: 14.0 (s, CH3); 20.1 (s, CH3); 22.3 (s, CH2), 22.6 (s, CH2), 27.6 (s, CH2),
28.7 (s, CH2), 29.2 (s, CH2), 35.8 (s, CH2), 67.6 (t, CF), 69.2 (s, CH2), 71.8 (s, CH), 72.9 (s,
CH), 113.4 (s, CAr), 117.8 (d, CArF), 121.8 (s, CArF), 121.9 (s, CArH), 126.9 (s, CArH), 127.4 (d,
CArF), 128.4 (s, CArH), 129.8 (s, CAr), 130.1 (s, CArH), 137.9 (s, CAr), 144.5 (s, CAr), 150.9 (s,
CArH), 151.8 (d, CArF), 152.9 (s, CAr), 164.0 (d, CAr), 166.0 (s, CAr).
5.(FF) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.62 (m, -CH2-); 1.75 (m, -CH2-); 1.94 (m,
-CH2-); 3.67 (t, -CH2-); 3.83 (t, -CH2-); 4.18 (t, -CH2-), 5.21 (sext, -CH-); 6.85 (t, CArH); 7.36
(d, CArH), 7.69 (t, CArH); 7.89 (t, CArH), 8.13 (d, CArH).
13C {1H} NMR [ppm]: 14.0 (s, CH3); 20.1 (s, CH3), 22.3–35.8 (s, CH2); 67.6 (t, CF), 69.7 (s,
CH); 71.8 (s, CH); 72.9 (s, CH); 108.4 (s, CH), 111.3 (d, CArF), 122.2 (s, CArH), 126.9 (s, CArH),
127.0 (d, CArF), 129.9 (s, CArH), 130.1 (s, CArH), 138.0 (s, CAr), 144.5 (s, CAr), 150.6 (s, CAr).
6.(FH) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.50 (m, -CH2-); 1.56 (m, -CH2-), 1.67 (m,
-CH2-); 1.78 (m, -CH2-); 1.91 (m, -CH2-); 3.64 (t, -CH2-); 3.94 (t, -CH2-); 4.15 (t, -CH2-); 5.20
(sext, -CH-), 7.06 (t, CArH), 7.31 (d, CArH), 7.69 (q, CArH), 7.93 (dd, CArH), 7.99 (d, CArH),
8.13 (d, CArH).
13C {1H} NMR [ppm]: 13.9 (s, CH3); 20.1 (s, CH3); 22.6 (s, CH2); 25.5 (d, CF); 27.6 (s, CH2);
28.9 (s, CH2); 29.3 (s, CH2); 35.8 (s, CH2), 67.6 (t, CF), 69.2 (s, CH2), 71.8 (s, CH), 73.0 (s,
CH), 113.5 (s, CAr), 117.7 (d, CArF), 121.7 (s, CArF), 122.2 (s, CArH), 126.9 (s, CArH), 127.4 (s,
CAr), 128.4 (s, CArH), 129.8 (s, CAr), 130.1 (s, CArH), 137.9 (s, CAr), 144.5 (s, CAr), 150.9 (d,
CF), 151.9 (d, CF), 152.9 (s, CAr), 164.0 (d, CF), 166.0 (s, CAr).
6.(FF) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.48 (m, -CH2-); 1.55 (m, -CH2-), 1.66 (m,
-CH2-), 1.78 (m, -CH2-), 1.91 (quin, -CH2-); 3.64 (t, -CH2-); 3.94 (t, -CH2-); 4.16 (t, -CH2-);
5.20 (sext, -CH-), 6.86 (t, CArH), 7.3 (d, CArH), 7.69 (t, CArH), 7.88 (t, CArH), 8.13 (d, CArH).
13C {1H} NMR [ppm]: 13.9 (s, CH3); 20.1 (s, CH3); 22.6 (s, CH2); 25.5 (d, CF); 27.6 (s, CH2);
28.8 (s, CH2); 29.3 (s, CH2); 35.8 (s, CH2); 67.6 (t, CF); 69.8 (s, CH2); 71.8 (s, CH), 72.9 (s,
CH), 108.5 (s, C), 111.2 (d, CF), 122.1 (s, CArH), 126.9 (s, CArH), 127.04 (s, CAr), 128.4 (s,
CArH),129.9 (s, CAr), 130.1 (s, CArH), 138.0 (s, CAr), 140.5 (d, CF), 142.5 (d, CArF), 144.5 (s,
CAr), 150.7 (s, CAr), 153.1 (s, CAr), 161.9 (s, CAr), 166.0 (s, CAr).
7.(HH) (R,S)
1H NMR [ppm]: 0.94 (t, -CH3), 1.39 (d, -CH2-); 1.52 (m, -CH2-); 1.66 (m, -CH2-); 1.78 (m,
-CH2-); 1.85 (sext, -CH-), 3.62 (t, -CH2-); 3.94 (t, -CH2-); 4.07 (t, -CH2-); 5.21 (sext, -CH-), 7.00
(d, CArH), 7.32 (d, CArH),7.69 (q, CArH), 1.18 (d, CArH), 8.19 (d, CArH).
13C {1H} NMR [ppm]: 14.0 (s, CH3); 20.1 (s, CH3); 22.6 (s, CH2), 25.7 (s, CH2), 25.9 (s, CH2),
27.6 (s, CH2), 29.0 (d, CF), 29.4 (s, CH2), 35.8 (s, CH2), 67.6 (t, CF), 68.2 (s, CF), 71.8 (s, CH),
73.1 (s, CH), 114.3 (s, CArH), 121.4 114.4 (s, CAr), 122.3 (s, CArH), 128.3 (s, CArH), 129.8 (s,
CAr), 130.1 (s, CArH), 132.3 (s, CArH), 137.7 (s, CAr), 144.6 (s, CAr), 151.2 (s, CAr), 163.6 (s,
CAr), 164.9 (s, CAr), 166.0 (s, CAr).

3. Measurements

The mesomorphic properties of the racemates and the prepared mixtures were inves-
tigated using a polarizing optical microscopy technique. An OLYMPUS BX51 polarizing
optical microscope equipped with a Linkam THMS-600 hot stage and a temperature con-
troller TMS-93 were used. The phase sequences and the phase transition temperatures were
determined by observation of the characteristic textures and their changes. In addition, dif-
ferential scanning calorimetry (DSC) measurements were carried out using a Netzsch DSC
204 F1 Phoenix calorimeter. These measurements were performed in a nitrogen atmosphere
under 2 ◦C·min−1 heating and cooling rate.
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The helical pitch (p) value measurements were based on the phenomenon of wavelength-
dependent selective reflection of light [28]. The selective reflection wavelength was determined
in the temperature range of the tilted chiral smectic phases on samples placed on a glass plate
coated with a surfactant-promoting homeotropic orientation of the molecular director on the
substrate glass plate. The other surface of the smectic slab was left free, which also assures the
homeotropic orientation at the air-LC contact boundary. The experimental details have been
reported elsewhere [29,30]. The helical pitch was calculated according to Equations (1) and (2)
for the antiferroelectric and ferroelectric phases, respectively.

λmax = n · p (1)

λmax = 2n · p (2)

Here λmax is the wavelength at the center of the selective reflection waveband. The
value of n = 1.5 was taken for the calculation [31,32]. The transmission spectra were
acquired using a Shimadzu UV-VIS-NIR spectrometer UV-3600 at the wavelength range
of 360–3000 nm. All the observations of the selective reflection spectra were carried out
during the cooling cycle. An MLWU7 temperature controller with a Peltier element was
used to drive the temperature within the range of 2–110 ◦C, with an accuracy of ±0.1 ◦C.

4. Mesomorphic Properties of the Racemic Mixtures

For the synthesized racemic mixtures, the phase sequences and the phase transition
temperatures are summarized in Table 2 and visualized in Figure 3. The textures for the
observed phases (the smectic A phase, the smectic C phase and the smectic CA phase) are
shown in Figure 4a–c.

Table 2. The phase transition temperatures [◦C] and enthalpies [J·g−1] of the synthesized racemic
mixtures. (“*” means that the phase is observed and “-” means that it is not observed; The enthalpy is
indicated by the italics).

Acronym Cr SmCA SmC SmA Iso

74.3 138.6
2.(HH) (R,S) * 4.9 * 140.3 - - *

34.9 9.9

54.5 119.8
2.(HF) (R,S) * - * 118.7 - - *

30.1 9.1

76.3 127.7 130.6
2.(FH) (R,S) * - * 126.8 * 129.6 - *

35.5 2.0 6.4

48.9 104.8
3.(HF) (R,S) * - * 103.3 - - *

22.2 8.2

56.8 111.2 113.9 115.1
3.(FF) (R,S) * 30.3 * 104.7 * 113.0 * 114.2 *

23.9 0.07 1.15 5.5

52.3;
56.7 144.4 148.4

4.(HH) (R,S) * - * 143.7 - * 147.4 *
4.5;
20.2 1.7 6.8

49.6;
60.2 122.5

4.(HF) (R,S) * - * 122.6 - - *
25.9;
3.2 6.2
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Table 2. Cont.

Acronym Cr SmCA SmC SmA Iso

60.4 136.5 143.1
5.(HH) (R,S) * - * 135.9 - * 142.2 *

35.6 1.1 6.9

69.8 108.1 119.6 129.2
5.(FH) (R,S) * - * 95.6 * 118.8 * 127.8 *

33.6 0.04 1.1 6.3

72.6 110.9 119.8 126.9
5.(FF) (R,S) * 14.3 * 101.6 * 118.9 * 125.7 *

25.2 0.03 0.9 5.6

59.8 120.8 131.5
6.(FH) (R,S) * - * 120.3 - * 130.5 *

25.9 0.75 6.5

68.4 121.3 129.1
6.(FF) (R,S) * 40.4 * 120.4 - * 127.6 *

26.9 0.76 5.9

36.0 114.3 131.2 140.1
7.(HH) (R,S) * - * 105.5 * 130.3 * 139.5 *

13.25 0.03 0.8 6.8
First row—temperatures from DSC measurements obtained in the heating cycle; second row—temperatures from
DSC measurements obtained in the cooling cycle; third row—transition enthalpies.

 

Figure 3. The temperature ranges of the phase transitions (from DSC measurements) for the racemic
mixtures observed in the heating cycle.
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(a) (b) 

 
(c) 

Figure 4. The textures of the smectic phases obtained in the cooling cycle for the racemic mixture
7.(HH) (R,S). (a) The SmA phase at 140.5 ◦C; (b) The SmC phase at 130.7 ◦C; (c) The SmCA phase at
98.2 ◦C.

All racemates have the anticlinic smectic phase in a broad temperature range. The
broadest range of this phase is observed for the unsubstituted racemate with the oligomethy-
lene spacer equal to 4 (above 87 ◦C). For four of the racemates, the direct transition from
the SmCA phase to the isotropic phase is observed. Such properties occur for the racemates
with a substitution of the (HF) and (HH) type and a short oligomethylene spacer (n = 2, 3,
4). It has been found that the direct SmCA-Iso phase transition in the liquid crystalline ma-
terials is beneficial for improving the alignment in the electro-optical cell [33–35]. The SmC
and SmA phases are observed in a short or medium temperature range. The unsubstituted
racemates have the highest clearing points. The melting points change irregularly; the
lowest temperature is observed for the racemate with the longest oligomethylene spacer
(36 ◦C).

5. Mixtures Compositions and Their Properties

Six racemic mixtures were used as dopants to formulate new multicomponent antifer-
roelectric mixtures. For the six prepared doped mixtures, the temperatures and enthalpies
of the phase transitions, as well as the helical pitch, were examined. The three base mixtures
selected for the study, with the acronyms W-458, W-459 and W-460, differ in the number
of each doping components. All these mixtures have already been examined for their
mesomorphic and thermodynamic properties, as well as the helical pitch [20,21]; therefore,
it was possible to analyze the influence of the racemic mixtures on their properties. The base
mixtures are characterized by very high values of the tilt angle of the molecules above 40◦
at lower temperatures. Six new mixtures with the racemic dopants at 20 wt% concentration
were prepared (see Table 3).
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Table 3. The compositions of the six prepared mixtures.

Acronyms of the Doped Mixtures Base Mixtures Acronyms of the Dopants

W-458A W-458 2.(FH) (R,S)

W-458B W-458 3.(HF) (R,S)

W-459A W-459 5.(FF) (R,S)

W-459B W-459 7.(HH) (R,S)

W-460A W-460 4.(HF) (R,S)

W-460B W-460 6.(FH) (R,S)

The phase transition temperatures for the prepared mixtures are summarized in Table 4
and visualized in Figure 5 (comparing them with the base mixtures).

Table 4. The mesomorphic and thermodynamic properties of the prepared mixtures. (“*” means that
the phase is observed and “-” means that it is not observed; The enthalpy is indicated by the italics).

Mixtures Cr SmCA* SmC* SmA* Iso

70.9–73.6 95.0–95.6 100.5–101.7
48.2–49.6 94.5–94.9 99.8–101.3

W-458A * - * 71.0 * 93.8 * 99.4 *
58.5 94.1 99.9
0.08 1.98 4.3

74.8–76.0 92.8–93.2 97.0–97.7
57.2–57.8 92.5–92.8 96.4–97.1

W-458B * - * 75.0 * 91.8 * 96.2 *
63.8 92.0 96.3
0.15 2.15 4.4

70.5–71.7 85.9–90.4
55.4–56.3 84.5–87.6

W-459A * - * 72.2 * 85.1 - *
60.5 86.5
0.08 7.5

72.5–73.6 86.4–92.4
61.7–62.5 84.8–89.8

W-459B * - * 73.1 * 84.9 - *
64.9 88.2
0.75 6.1

78.5–79.2 86.3–91.5
71.2–72.0 83.8–88.4

W-460A * - * 78.0 * 84.2 - *
72.0 87.2
0.17 6.4

72.0–73.1 84.0–84.7 88.7–93.2
63.1–61.9 83.2–84.0 87.3–90.6

W-460B * - * 71.3 * 82.3 * 87.2 *
63.8 83.4 89.6
0.07 1.63 4.1

First row—temperatures from POM measurements obtained in the heating cycle; Second row—temperatures from
POM measurements obtained in the cooling cycle; Third row—temperatures from DSC measurements obtained
in the heating cycle; Fourth row—temperatures from DSC measurements obtained in the cooling cycle; Fifth
row—transition enthalpies [J·g−1].
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Figure 5. Comparing the temperature ranges of the phase transitions from DSC measurements for
the base mixtures and the doped mixtures. (“*” means that the phase is observed).

All doped mixtures have the antiferroelectric phase (SmCA*) in a very broad tempera-
ture range. The antiferroelectric phase range exceeds 70 ◦C for each of the doped mixtures.
The broadest range of this phase is shown by the mixtures W-458B and W-460A doped
with the racemic mixtures with the direct SmCA-Iso phase transition with the acronyms
3.HF (R,S) and 4.HF (R,S). The ferroelectric phase (SmC*) is present in all doped mixtures
in a medium or a broad temperature range. The broadest range of this phase is shown by
the mixtures W-458A and W-458B (23 and 17 degrees Celsius, respectively). The smectic A*
phase occurs in a short temperature range in the mixtures W-458A, W-458B and W-460B.

All doped mixtures have higher clearing points than the base mixtures. None of the
doped mixtures crystallized, and the DSC measurements were carried out from −15 ◦C.

The comparison of the helical pitch versus temperature for the base mixtures and the
doped mixtures is shown in Figure 6a–c.

As could be expected (and of benefit), the doped mixtures are characterized by a
longer helical pitch than the base mixture in both chiral phases. In the antiferroelectric
phase, the helical pitch increases with increasing temperature, while in the ferroelectric
phase, the helical pitch practically does not change upon heating, and it is very short
(below 250 nm). The helical pitch in the SmCA* phase reaches maximum values above
1400 nm for the mixtures W-460A and W-460B, while for the mixture W-460B, it occurs at a
lower temperature.
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(a) 

 
(b) 

Figure 6. Cont.
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(c) 

Figure 6. (a) The temperature dependence of the helical pitch for mixtures W-458, W-458A and
W-458B. (b) The temperature dependence of the helical pitch for mixtures W-459, W-459A and W-

459B. (c) The temperature dependence of the helical pitch for mixtures W-460, W-460A and W-460B.
(“*” means that the phase is observed).

6. Conclusions

The newly synthesized racemates exhibit a wide temperature range for the anticlinic
smectic CA phase and are promising components of the liquid crystalline mixtures. The
synclinic smectic C phase and smectic A phase in these racemates depend on the length of
the oligomethylene spacer and the substitution of the benzene ring. The widest temperature
range of the SmCA phase is observed for the unsubstituted racemic mixtures.

The direct SmCA-Iso transition is observed for the racemic mixtures with a short
oligomethylene spacer: 2.(HH) (R,S), 2.(HF) (R,S), 3.(HF) (R,S) and 4.(HF) (R,S). The SmC
and SmA phases occur in a short or medium temperature range. New racemic mixtures can
also be used as dopants which increase the helical pitch values and extend the temperature
range of the SmCA* phase in the highly tilted antiferroelectric mixtures.

The mixtures doped with the racemates have favorable physical and electro-optical
properties, as previously shown in Refs. [3–5]. In the next step, the measurements of the tilt
angle of the molecules and the spontaneous polarization for the doped mixtures will be
carried out.

It is also planned to develop the compositions of the other antiferroelectric liquid
crystalline mixtures, based on the synthesized racemates, and separate the racemates into
enantiomers by chiral liquid chromatography [36–40].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article//10.3390/cryst12121710/s1, Figures S1–S26: The NMR spectra of all
racemic mixtures.
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Abstract: As we move from the industrial age to the information age, nowadays, the opportunity to
access personal information in public increases as personal computers (PCs), cell phones, automated
teller machines (ATM) and other portable display devices have come into wider use, so it is well
suited for these liquid crystal displays (LCDs) to switch between wide viewing angle (WVA) (share
mode) and narrow viewing angle (NVA) (privacy mode). In this review, we have summarized
structures, principles and characteristics of several devices that show great potential application in
controllable anti-peeping displays in the eyesight of materials consist of pure liquid crystals (LCs),
polymer dispersed LCs (PDLCs), polymer stabilized LCs (PSLCs) or polymer network LCs (PNLCs)
and non-LCs, which provides systematic information for next-generation viewing angle-controllable
LCDs with lower operating voltage, higher transmittance and good viewing angle controllable
characteristics. Because LCs/polymer composite films have the advantages of long life, low power
consumption and energy saving, they are regarded as the mainstream technology of next-generation
viewing angle controllable displays.

Keywords: wide viewing angle; narrow viewing angle; liquid crystals; PDLC; PSLC; PNLC

1. Introduction

In this new digital information age, recently, with the rapid development of LCD tech-
nologies such as a wide view-twisted nematic (TN), in-plane switching (IPS), fringe-field
switching (FFS), multidomain vertical alignment (MVA) and patterned vertical alignment
(PVA), an increasing number of electronic products such as computer screens, mobile
phones, electronic books, personal digital assistants (PDAs), tablet devices and LC televi-
sions have been extensively applied [1–3]. Viewing angles are defined by a range of angles
where the image displayed on an LCD remains suitable to the users, which refers to contour
of isocontrast ratio that is dominated by the dark state dependent on the observation an-
gle [1]. Ambient contrast ratio (ACR) is vital for evaluating an LCD performance, Figure 1a
describes the schematic diagram of an LCD, the main reflection happens at front surface of
LCD is defined as R1, the ambient light passing into LCD is mostly absorbed by polarizers
and optical components, by assuming no reflected light, ACRLCD(θ, φ) =

Lon(θ, φ)+R1
Lo f f (θ, φ)+R1

, Lon

and Lo f f represent the on-state and off-state luminance values of an LCD, θ and φ represent
the polar angle and azimuthal angle, respectively [4]. In the past decades, WVA has been
one of the most important characteristics in attaining the image quality in all viewing angle
directions, which can be extended to 170◦ (polar angle) [5]. Currently, in applications of
information devices in privacy contexts, such as using a notebook in public or an ATM
machine, devices for adjusting viewing angle have drawn a lot of interest. Two different
modes are demanded in the controllable viewing angle devices: share mode and privacy
mode, generally, 3M light control films (also named anti-peeping films) including two
films with a plurality of light absorbing regions are often used and taped on the front
of screens (Figure 1b), the images on the LCD are visible only within a viewing angle
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range of −30◦ to 30◦ (Figure 1c), if a share mode is needed, the film must be removed
from the LCD, which is unpractical and inconvenient [6]. Light control film containing
closely spaced micro-louvers can also be LC or non-LC based, for LC-based materials, a
lot of works focus on dual-mode switching of pure LC panel with alignment for viewing
angle control [7]. To achieve both WVA and NVA properties in LCDs, various methods
have been proposed for viewing angle control, such as multiple LC layers, one is utilized
for gray level control, the other one is used for viewing angle control, which increases
panel thickness and fabrication cost [1–7]. Dual backlight is introduced into viewing angle
controllable devices, a normal backlight is for WVA mode and collimated backlight is for
viewing angle control [1–7]. Dual cell method is proposed by using an additional LC cell
to control the viewing angle, sub-pixel method in which the pixel is used to two parts,
the main pixel is utilized for presenting images, sub-pixel is for controlling the viewing
angle, which decreases aperture ratio of the main pixel [1–6]. Three-terminal electrode
structure based on the FFS mode LCDs is introduced, different dark states are induced by
various bias voltages, thus viewing angle controllable ability is presented [1–6]. However,
these devices can achieve the viewing angle controllable characteristic, but have increase in
thickness, cost and power consumption [1–7].

 
(a) 

(b) (c) 

Figure 1. (a) Schematic diagram of an LCD; (b) Structure of 3M light control film; (c) The microlouver
structure of 3M light control film.

Some researchers pay attention to light scattering ability of LC and polymer composite
films, when the PDLC, PNLC or PSLC is at transparent state, the light remains narrow
resulting in a NVA of the LCD. As the incident light transmits through PDLC, PNLC
or PSLC, light is scattered because of the difference of refractive index between LCs and
polymer, the LCD acts as a diffusing backlight source leading to a WVA. For non-LC devices,
a multi-axial viewing control film for smart devices utilizing an array of optical micro-rods
is proposed, it is convenient for users without removing the film from the information
devices, additionally, a viewing angle switchable backlight module consists of a hybrid
light guide plate and dual-light sources or two stacked backlight units is introduced [8,9].
However, switchable viewing angle displays based on non-LC devices require additional
components or materials, thus cost, weight and thickness enhance.

In this review, we have summarized various designs to control the viewing angle and
compared their characteristics in contrast ratios and viewing angles in WVA and NVA
modes, taking thickness, brightness, power consumption, operating voltage and viewing
angle switchable properties into consideration, LCs/polymer composite films show great
potential for applications in viewing angle controllable LCDs.
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2. Pure LC Devices

For pure LC system, methods for switchable viewing angle devices are divided into
hybrid aligned nematic (HAN) LC cells, double cells, pixel division and three-electrode
structure [10–15]. The controllable viewing angle device is located on the top of the LC
panel, the device can be in transmissive mode (Figure 2a) or reflective mode (Figure 2b) [14].
To functionalize the device, the LC cell controls the transmission of light at predetermined
azimuth angles and polar angles by applying the electric field on the LC layer, meanwhile,
the light transmission in the normal direction is unchanged, thus the LC cell has no phase
difference in the normal direction when changing the voltages [14]. For solving that, two
types of LC cells including of homogenous aligned LC cell (Figure 2c) and HAN LC cell
(Figure 2d) are utilized in this device [14]. The absorption axis of the polarizing films is
parallel to the alignment of LC in both cells, in the homogeneous cell, the light-shielding
effect exists in small range at an azimuth angle of 0◦, while a negative C-plate is added
between the LC layer and the polarizing film in the HAN LC cell for obtaining the desired
light polarization state shift, a wider range of light-shielding angles can be achieved [14].

In the MVA or PVA devices, in the dark state, to improve the brightness uniformity
in the gray levels, the addition of a compensation film is for suppressing light leakage. In
the film compensation method, to compensate for the dark state, a negative C plate and
positive A plate are introduced for compensating for the dark state, a WVA with the contrast
ratio over 10 is extended from 30◦ to 80◦ of polar angle is achieved [16]. The double-cell
display is mainly composed of a vertically aligned LC layer for displaying information, a
homogeneous aligned LC layer replacing the positive A plate for viewing angle switching,
and a negative C plate for compensation under crossed polarizer [16]. Without electric field,
the vertically aligned LCs with negative dielectric anisotropy tilt down to make an angle of
45◦, the optic axis of the homogeneous aligned LC layer with positive dielectric anisotropy
is parallel to the analyzer’s transmission axis, thus light transmitting through negative
C plate and double LC cells is blocked by the analyzer, additionally, light leakage can be
suppressed by homogeneous aligned LC cell and negative C plate [16]. For viewing angle
switching, the mid-director of the homogeneous aligned LC layer is controlled by a vertical
electric field (Figure 2e) [16], the high image quality in share mode has a polar viewing
angle of 30◦ in the horizontal direction. However, this approach for tuning viewing angle
requires additional components, leading to higher thickness and higher production cost.

When there is no electric field applied, blue phase typically appears in a very narrow
temperature range, with polymer or nanomaterials stabilization, the temperature range
can be extended, cubic structure in a BPLC appears to be optically isotropic, if there is
a strong electric field, the anisotropy is induced along the electric field direction, which
is defined as Kerr effect. By dividing pixel of the LCD device filled with a BPLC into
two parts: a main pixel and a sub-pixel (Figure 2f–g), while the main pixel displays the
image contents that are insensitive to viewing angle, as the birefringence is induced by
transversal electric field and the LC reorientation is in the same plane, the sub-pixel controls
the viewing angle. The LC cell is sandwiched between crossed polarizers, when applying a
voltage between two electrodes, in-plane and vertical electric fields are produced in the
main pixels and sub-pixels, respectively [16,17]. Without a bias voltage, BPLC is alike
optically isotropic sphere, which is presented in Figure 2f, by the application of a bias
voltage, the birefringence is induced due to Kerr effect, optic axes of BPLCs are parallel and
perpendicular to the substrate in the main and sub-pixels, respectively (Figure 2g) [16,17].
A WVA is realized as the main pixels are only operated, the LCDs present a good dark
in all directions, while a NVA is achieved as a bias voltage is applied to the sub-pixels,
light leakage controlled by the applied voltage happens in the oblique viewing direction
(Figure 2g) [16,17]. For WVA mode, the viewing angle at contrast ratio of over 10 exists up
to ~ 50◦ in all azimuthal directions, while for NVA mode, the viewing angle at contrast
ratio of 10 exist along 20◦ in the horizontal and the vertical directions [10]. This approach
exhibits some disadvantages such as lower contrast ratio or higher driving voltage and
reduces transmittance more as the dark state is kept at the area of sub-pixel [18].

117



Crystals 2022, 12, 1347

 
(a) (b) 

 
(c) (d) (e) 

(f) (g) 

Figure 2. Schematic diagram of controllable viewing angle LCD: (a) WVA mode; (b) NVA mode.
Schematic diagram of simulation models of controllable viewing angle device: (c) homogeneous
aligned LC cell and (d) HAN LC cell; (e) optical cell configurations of the viewing angle device;
(f) switchable LCD with an optically isotropic LC: voltage-off state and (g) voltage on state.

To decrease the volume, weight and fabrication cost of LCD, a viewing angle switch-
able LCD owning an interlayer support with surface microstructures that is placed between
the top and bottom substrates, the original LC layer is for presenting images and the
complementary LC layer is for viewing angle tunning, thus WVA and NVA can be switched
between ± 70◦ and ± 40◦ [19]. A viewing angle controllable LCD using two stable states of
bistable nematic LC such as splay and 180◦-twist at π cell with three-terminal electrodes,
WVA is shown at splay state with interdigitated electrodes at the IPS or FFS modes, NVA is
presented at the twisted state with vertical electrode [20].

118



Crystals 2022, 12, 1347

For a controllable viewing angle LCD inserting by BPLC cell, BPLC plays as a tunable
positive C-film or a negative C-film, the LCD has no alignment layer and sub-millisecond
response time [21]. By designing electrode structure that is same as the one used for dual-
mode switching in FFS LCD, an additional electrode is introduced to the top substrate,
viewing angle with a contrast ratio of over 10 is tuned between ± 70◦ and ± 10◦ along
the azimuthal direction by applying a small vertical bias voltage [22]. By using in-plane
electrodes and etched substrate, double in-plane electric field is for reducing the driving
voltage, operating voltage decreases to 8.2 V [18,23]. A fringe and in-plane switching
BPLCD with a top common electrode has been proposed [24], of which three-terminal
electrode structure gives it good dark state for NVA display and similar voltage-dependent
transmission curves for NVA and WVA displays. If there is no bias voltage on the top
common electrode, it shows the similar viewing angle, contrast ratio and transmission
compared to that of conventional BPLCD. If different various bias voltages are applied on
the top common electrode, viewing angle can continuously and uniformly change from
WVA to NVA at a high contrast ratio of over 500 [25,26]. However, electrode structure
designing method leads to a gray inversion in NVA mode utilizing vertical and horizontal
fields at the same time.

By adopting a thermally variable retardation layer (TVRL) composed of a homeotrop-
ically aligned nematic LC with transparent electric-heating lines to control temperature,
the LCD shows continuous and symmetric viewing angle characteristics, by thermally
changing the birefringence of the film, the WVA mode is obtained by Joule heating in the
TVRL where the LCs are isotropic phase, while the NVA mode is achieved at the nematic
phase in the TVRL, the polar angle with the contrast ratio of 10 decreases up to 20◦ along
the diagonal axis [27–29]. Except for these approaches, by using a guest-host (GH) LC cell
doped with 5.0 wt.% of a dichroic dye (DD), as the polarization direction is orthogonal to
the long molecular axis of DD, light transmits the cell, if the polarization is parallel to the
long molecular axis of DD, light is absorbed by DD in the cell, the NVA and WVA modes
can be realized by applying the voltage of 10.0 V across the GH cell [30].

3. PDLC Devices

Utilizing 3M light-control film and PDLC film together to create switchable anti-
peeping film, PDLC is a voltage-controlled LC film that can switch between transparent
and scattering (Figure 3a), light scattering intensity of PDLC film is dependent on electric
field, switchable voltage between light scattering (share mode) and transparent state
(privacy mode) is approximately 5.0 V [31]. As 3M light control film and PDLC film are
not integrated, a control method for light distribution patterns of PDLCs is established by
controlling an internal polymer structure formed by irradiating unidirectional diffused UV
light in isotropic phase (Figure 3b) [32]. To investigate the effect of micro-louver size on the
viewing angle controllable ability, four micro-louver structures with the same thickness
are fabricated by utilizing thiol-ene photopolymerization (40-40 μm, 40-60 μm, 60-40 μm
and 60-60 μm) (Figure 3c–f), four controllable anti-peeping devices can realize WVA and
NVA modes at 0 and 8 V [33]. However, external switchable anti-peeping films need to
be installed on the screen, to solve this problem, the LCD containing the switchable anti-
peeping film is fabricated based on PDLC, the propagation direction of the light passing the
3M light control film can be tuned by the PDLC film, the NVA mode is presented without
electric field and WVA mode is shown in the application of electric field (24 V) [34].
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(a) (b) 

 
(c) (d) (e) (f) 

Figure 3. (a) Configuration structure and schematic mechanism of switchable anti-peeping film
consists of 3M light control film and PDLC film; (b) schematic representation of PDLC having layered
distribution of polymer network structure; (c–f) four microlouver structures with the same thickness,
(c), 40–40 μm, (d), 40–60 μm, (e), 60–40 μm, (f), 60–60 μm, the first number represents the width of
micro-stripe and the second number represents the space between two microstripes.

4. PSLC/PNLC Devices

The structure of the viewing angle-tunable LCD is depicted in Figure 4a, it consists of
two cells: an ultra-super twisted (UST) cell, which is situated between the upper polarizer
and the TN-TFT cell, and a PNLC cell, which is situated between the lower polarizer and
the backlight. When the electric field is absent, the PNLC cell acts as a negative retarder,
causing viewing angle to be wider than a conventional TN-cell [35]. Polymer stabilized BP
(PSBP) LCD becomes more and more attractive due to no alignment, the simple fabrication
process and fast response time, a PSBP LCD with double-size IPS electrode structure is
proposed, which shows transflective characteristics because the bottom electrodes are made
by aluminum material. With the application of a bias voltage on the top electrodes, a good
viewing angle controllable display is exhibited [36]. A viewing angle-controllable LCD
utilizing PSBPLC and a single-panel method, without electric field, a BPLC appears to be
optically isotropic, if there is a strong electric field, due to Kerr effect, the birefringence is
induced along the electric field direction in the BPLC and increases with the electric field,
viewing angle of the device can be controlled from 100◦ to 30◦ (Figure 4b) [37]. We have
developed an electrically switchable viewing angle device that fabricated by DDs doped
polymer stabilized cholesteric LCs (DD-PSCLCs) [38], with the additional photo-mask
in the UV irradiation process, polymer has formed in the irradiated part, as shown in
Figure 4c, when applying a relative lower electric field, CLCs in the irradiated part turn to
be in focal conic state, while CLCs in the non-LC-irradiated part still keep planar state, as is
described in Figure 4d, if the electric field is higher, CLCs in the irradiated part change to be
homeotropic state, while CLCs in the irradiated part still be in the planar state (Figure 4e).
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Figure 4. (a) Structure of a viewing angle controllable device; (b) Cell structure of the proposed
viewing angle-controllable PSBP-LCD; (c–e) Various states of CLCs in the DD-PSCLC device under
the application of electric field: (c) planar state; (b) focal conic state; (e) homeotropic state.

5. Non-LC Devices

Setting an array of optical micro-rods, consisting of electrophoretic material that
composed of black particles dispersed in a transparent medium, with a rectangular par-
allelepiped shape, whose size is 40 μm wide, 40 μm deep and 120 μm high, while the
space between each optical micro-rod is 10 μm [8,39]. As the black particles are gathered
electronically to one side in the transparent resin, the cross-stripe part filled by transparent
substrate transmit incident light the same as the light-transmitting portions. A viewing
angle switching device based on array of optical micro-rod is demonstrated (Figure 5a),
as the black particles which enables switching two states between a WVA and a NVA in
one second at 20 V of applied voltage (Figure 5b). Two modes are electrically switched,
(a) NVA mode and (b) WVA mode. The limited viewing angle mode is +/− 30◦ of the
visible angle and 50% of the transmittance, and the one for the non-limited viewing mode
is 58% of the transmittance by the applied voltage of 20 V. A compact light guide plate
(LGP) with special designed microstructures and dual light sources is proposed (Figure 5c),
of which the micro-prisms are utilized to guide the emitting rays toward normal viewing
cones while a set of strip-patterned diffuser toward wide viewing cones [40,41]. By simply
switching the separate light sources, quick switching between the two modes is possible.
If light source 1 is on, the backlight operates in the NVA mode, and if light source 2 is
on, the backlight operates in the WVA mode [9]. Figure 5d represents the viewing angle
switchable backlight module that is divided into three parts, the hybrid light guide plate
(HLGP) is called the light incidence surface, the first light sources provide NVA mode and
the second light sources provide WVA mode, Figure 5e depicts side view of the viewing
angle controllable backlight module, the HLGP is composed of main layer and sub-layer
with various refractive indices, the top micro-prisms are spaced with a graded interval for
controlling the uniformity degree and the bottom micro-prisms reflect the rays to the main
layer [9]. Consequently, in the NVA mode, the half-luminance angle decreases 11 degrees
in the horizontal direction, while in the WVA mode, the half-luminance angle increases 56
degrees in the horizontal direction [9].
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Figure 5. Illustration of concept for (a) narrow mode and (b) wide mode can be selected electronically.
The narrow mode (a) is achieved as black particles are fully dispersed, and the wide mode (b) is
achieved as black particles are completely gathered one side in the optically transparent medium.
(c) Sketch of the backlight configuration, (d,e) optical structure of the dual backlight viewing angle
switchable device: (d) tilt view; (e) side view.

6. Discussion

Over the past few decades, viewing angle controllable devices for LCDs have been
introduced, comparative analysis of performances of various LC and non-LC devices is
presented in Table 1, dual cell method increases the production cost for needing two LC
cells, two-pixel method reduces transmittance more as the dark state is held at the area
of sub-pixel, but viewing angle in the narrow mode is only 20◦, three-terminal electrode
structure based on the FFS mode LCDs has simple structure, but the contrast ratio for NVA
is not good because of light leakage induced by the bias voltage. The existing switchable
privacy protection displays based on LC and non-LC devices (Table 2) on the market have
been applied in ATMs, monitors and high-end notebooks, but the function of switchable
anti-peeping function leads to higher power consumption or lower image quality, moreover,
the switchable viewing angle effect is mainly in horizontal view.

To consider next-generation commercial switchable anti-peeping products, LC devices
especially for LC/polymer composite films may be applied to almost any situations due to
their tunable optical properties and easier fabrication, for example, by achieving various
controllable microlouver structures under the mask-assisted UV curing of LC monomers,
DD-doped PSCLC device can be developed to meet thinness, low power consumption,
high image quality, it is believed that this new viewing angle switching mode will have
strong potential for future display applications.

122



Crystals 2022, 12, 1347

Table 1. Comparison of the performances of various LC and non-LC devices.

Types Principles
WVA/

Contrast Ratio
WVA/

Viewing Angle
NVA/

Contrast Ratio
NVA/

Viewing Angle
References

LC devices

Pixel division >10:1 50◦ 10:1 20◦ 10

Optically isotropic
LC / 120◦ polar

angle / 35◦ 11

Homogeneous
aligned LC layer 10:1 170◦ 2:1 60◦ 16

Electrical tilting
of LC 10:1 ±70◦ 10:1 ±10◦ 21

TVRL 10:1 80◦ polar angle 10:1 20◦ 28

3M/PDLC / ±60◦ / ±30◦ 30

Microlouver/PDLC / ±62◦ / ±39◦ 32

PSBPLC / 100◦ / 30◦ 37

Non-LC devices
Dual light source / 140◦ / 60◦ 9

Optical micro-rods / / / ±30◦ 38

Striped diffuser / ±55◦ / ±10◦ 41

Table 2. Comparison of various LC and non-LC devices.

Types Privacy Effect Privacy Viewing Angle Thickness Power Application

LC devices Excellent Horizontal
perspective Thin High Monitors

Non-LC devices Moderate Horizontal
perspective Thick Moderate ATMs

7. Conclusions and Perspective

In conclusion, it is impractical to preserve privacy in display devices by adding more
panels and backlight units due to the increasing panel thickness and high production costs.
Utilizing a dual lighting system is also not recommended for achieving NVA due to its
greater cost and insufficient brightness, a more expensive LCD is required for developing
electrode structures. The electronically switchable scattering and transparent modes of
polymer and LCs composite films allow the incident light to be either weakly (strongly)
scattered or transmitted. Due to their simple manufacturing process, it is possible to
produce perfect viewing angle controllable commercial LCDs by inserting the polymer/LCs
composite films into the backlight, adding some special patterns or gratings to the films
during the photopolymerization process of UV cured LC or non-LC monomers under
masks, controlling their thickness and microstructures, contrast ratio between scattering
mode and transparent mode and driving voltage can be both further tuned, moreover,
multi-directional switchable viewing angle devices are also developed by utilizing the
system of polymer/LCs composites.

Recently, viewing angle controllable devices have been the mainstream of high-end
displays, while the width of microlouvers in the devices is still difficultly to be refined.
Additionally, the brightness of backlight is relatively low in the WVA mode compared
to that in the NVA mode. Moreover, the current anti-peeping effect originated from the
NVA mode in the devices is mainly demonstrated in horizontal view, to meet the needs
of all-angle anti-peeping effect in the future displays, the horizontal and vertical viewing
angle controllable devices are the development trend. Adjustable viewing angle devices
are currently popular in shielding sensitive or private information, except for that, they
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can also avoid the light of PCs from interfering with others or reduce the light on the car
display screens that disturbs the drivers at night.
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