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ABSTRACT

ARTICLE HISTORY

New hockey-stick-shaped liquid crystals (HSLCs) have been designed and synthesised. By extreme
shortening of one ‘arm’ in the HSLCs, we have constructed the pronounced overall hockey-stickshaped molecular conformation of these materials, and called the pseudo-rod-like (PRL) molecules
with hockey-stick-shaped mesogen. The chemical structures were identiﬁed using spectroscopy and
elemental analysis. The mesomorphic behaviour was investigated by polarising optical microscopy
(POM), diﬀerential scanning calorimetry (DSC), X-ray diﬀractometry (XRD), and via electro-optical
experiments. As a result, in spite of the PRL molecules, the various mesomorphic polymorphism,
the interdigitated bi-layered structure and macroscopic polarity were found. Similar to up-to-date
HSLCs, the quasi-bent-core LCs showed a transition from the synclinic SmC phase (SmCs) to anticlinic
SmC (SmCa) phase, and exhibited SmA-type (NCybA) and SmC-type (NCybC) cybotactic nematic phases.
At the same time, similar to practical rod-like LCs, the PRL molecules showed good surface alignment
behaviour under planar boundary conditions.
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1. Introduction
Over the recent two decades, there has been signiﬁcant
progress in liquid crystal science through understanding of mirror symmetry breaking and bulk polarity
emergence [1]. The occurrence of chirality and spontaneous polarisation in achiral liquid crystals (LCs) have
been of particular interest [2]. The recent ﬁndings
include heliconical-tilted smectic (SmCTB) phases in
achiral dimesogenic compounds [3]. In addition, cutting-edge evolvement has been made towards macroscopic polarity, which stems from the potential polar
symmetry as a result of the high structural variability of
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bent-core liquid crystals (BCLCs) [4,5]. The current
state-of-the-art is hockey-stick-shaped liquid crystals
(HSLCs), which were designed as intermediates
between the linear rod-like liquid crystals (RLLCs)
and non-linear BCLCs [6–34]. From a structural
point of view, classiﬁcation of HSLCs reported in the
literature would provide the knowledge of structure–
property relationship being useful for the design of
targeted HSLCs for novel applications in relevant LC
ﬁelds. In this regard, we recently advocated that the
molecular geometry of HSLCs can be divided into
three categories (see Scheme 1) [27,30]: (i) type 1:
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Scheme 1. (Colour online) Reported hockey-stick-shaped liquid crystals (HSLCs) by category (blue block = mesogenic unit; yellow
block = ﬂexible terminal). (a, b) Types 1 and 2 (HSLCs-1 and 2) have two long arms, which can participate in C2v packing. (c) Type 3
(HSLCs-3) has one long arm and one that is too short to play a role in the polar packing.

asymmetric bent-shaped RLLCs (HSLCs-1) [6–9]; (ii)
type 2: asymmetric BCLCs (HSLCs-2) [10–23]; (iii)
type 3: pseudo-linear and quasi-bent-shaped HSLCs
(HSLCs-3) [24–34]. HSLCs-1 and HSLCs-2 have ﬂexible alkyl chains at each end of the mesogen, whereas
HSLCs-3 possess a ﬂexible alkyl chain on only one end
of the mesogen. The ﬁrst two types of molecules have
atypical hockey-stick-shaped conformation, whereas
the latter type has a pronounced hockey-stick-shaped
conformation. Therefore, the HSLCs-3 can be much
more eﬃcient for the materialisation of intermediate
mesogenic properties between those of BCLCs and
RLLCs. For instance, recently achiral HSLCs have
been demonstrated to form dark conglomerate (DC)
phases [17], twist-bend phases [18], cluster phases
[19,20], biaxial phases [31], and chiral random grain
boundaries (RGBs) [32].
In this study, a new series of HSLCs-3 based on 1,6or 2,7-naphthalene central core have been designed
and synthesised (Scheme 2). The molecules possess

Scheme 2. Chemical structures of the HSLCs-3 under investigation.

triﬂuorophenyl groups on the short arms and trisbenzoyloxy units on the long arm, which has ester
linkages with the same linking order. The structure
was identiﬁed by using FT-IR and 1H NMR spectroscopy and elemental analysis. The mesomorphic behaviour was investigated by using polarised optical
microscopy (POM), diﬀerential scanning calorimetry
(DSC), and X-ray diﬀraction (XRD). In the planar
surface stabilised mesophases, the alignment behaviour
was investigated by POM. The macroscopic polarity
was also explored using a triangle-wave method.

2. Experimental
2.1. Synthesis
The synthetic route to compounds I and IIa–d is presented in Scheme 3. The synthetic procedures were
based on a modiﬁcation of the methods described in
the literature [27]. The synthetic procedures and
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Scheme 3. Synthetic route to compounds I and IIa–d: (i) 4-hydroxybenzaldehyde, DCC, DMAP, CH2Cl2; (ii) resorcinol, NaClO2, NaH2
PO4, THF; (iii) DCC, DMAP, CH2Cl2, CH3CN; (iv) compound 4, DCC, DMAP, CH2Cl2.

analytical data for the ﬁnal compounds I and IIa–d are
described below. The chemical structures were conﬁrmed with IR and NMR spectra recorded using
a Scinco Nicolet 6700 FTIR and a Bruker Biospin/
Avance III 400 MHz NMR spectrometer, respectively.
Elemental analysis was carried out for all ﬁnal compounds using an elemental analyser (Elementar vario
MACRO cube). The synthetic procedures and analytical data for the products obtained in the intermediate
steps are described in the supplementary information.
2.1.1. Synthesis of compound I
6-Hydroxynaphthalene-1-yl 2,4,5-triﬂuorobenzoate (6,
1.36 g, 4.28 mmol), compound 4 (2.34 g, 4.28 mmol) and
4-dimethylaminopyridine (DMAP, 0.06 g, 0.53 mmol)
were mixed in CH2Cl2 (50 mL). The mixture was stirred
at ambient temperature for 30 min under a nitrogen atmosphere. Subsequently, N,N’-dicyclohexylcarbodiimide
(DCC, 0.88 g, 4.27 mmol) was added, and the reaction
mixture was stirred at ambient temperature for 24 h under
a nitrogen atmosphere. The precipitate of N,Nʹdicyclohexylurea was removed by ﬁltration. The ﬁltrate
was washed with a brine solution and water (three
times), and the solvent was evaporated to dryness. The
residue was chromatographed on silica gel using CH2Cl2.
Recrystallisation from acetone aﬀorded pure I. Yield: 32%;
IR (KBr pellet, ν in cm–1): 3061 (aromatic CH), 2913, 2847
(aliphatic CH), 1740 (conj. C = O), 1582, 1470 (aromatic
C = C), 1435, 1344, 1273 (CO; CF); 1H NMR (400 MHz,
CDCl3, δ in ppm): 8.42 (d, J = 10.5 Hz, 2H, ArH), 8.29 (d,
J = 10.4 Hz, 2H, ArH), 8.17–8.13 (m, 2H, ArH), 8.01–7.98
(m, 2H, ArH), 7.84–7.63 (m, 2H, ArH), 7.56–7.34 (m, 7H,

ArH), 7.09–6.96 (m, 3H, ArH), 4.04 (t, J = 6.5 Hz, 2H,
OCH2), 1.83–1.80 (m, 2H, OCH2CH2), 1.61–1.25 (m, 18H,
CH2), 0.86 (t, J = 6.6 Hz, 3H, CH3); Anal. calcd. for C50H45
F3O9: C 70.91, H 5.36; found: C 71.01, H 4.94.
2.1.2. Synthesis of compound IIa
Compound IIa was prepared in a similar manner to
that described for the preparation of compound I.
Quantities: 7-hydroxynaphthalene-2-yl 2,3,4-triﬂuorobenzoate (7a, 2.25 g, 7.07 mmol), compound 4 (3.87
g, 7.07 mmol), DMAP (0.11 g, 0.88 mmol) and DCC
(1.46 g, 7.07 mmol). The product was chromatographed on silica gel using CH2Cl2. Recrystallisation
from acetone aﬀorded pure IIa. Yield: 44%; IR (KBr
pellet, ν in cm–1): 3122 (aromatic CH), 2913, 2848
(aliphatic CH), 1726 (conj. C=O), 1632, 1452 (aromatic
C=C), 1287, 1165, 1057, 1028 (CO; CF); 1H NMR (400
MHz, CDCl3, δ in ppm): 8.34–8.28 (m, 4H, ArH), 8.14
(d, J = 8.9 Hz, 2H, ArH), 7.93 (d, J = 14.0 Hz, 2H,
ArH), 7.70–7.69 (m, 2H, ArH), 7.41–7.34 (m, 6H,
ArH), 7.16–7.09 (m, 2H, ArH), 6.98 (d, J = 14.4 Hz,
2H, ArH), 4.04 (t, J = 6.5 Hz, 2H, OCH2), 1.89–1.78
(m, 2H, OCH2CH2), 1.48–1.16 (m, 18H, CH2), 0.86 (t,
J = 7.0 Hz, 3H, CH3); Anal. calcd. for C50H45F3O9:
C 70.91, H 5.36; found: C 70.66, H 5.42.
2.1.3. Synthesis of compound IIb
Compound IIb was prepared in a similar manner to that
described for the preparation of compound I. Quantities:
7-hydroxynaphthalene-2-yl 2,4,5-triﬂuorobenzoate (7b,
2.11 g, 6.63 mmol), compound 4 (3.62 g, 6.63 mmol),
DMAP (0.11 g, 0.83 mmol) and DCC (1.37 g, 6.63 mmol).
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The product was chromatographed on silica gel using
CH2Cl2. Recrystallisation from acetone aﬀorded pure
IIb. Yield: 46%; IR (KBr pellet, ν in cm–1): 3081 (aromatic
CH), 2913, 2852 (aliphatic CH), 1740 (conj. C=O), 1618,
1471 (aromatic C=C), 1282, 1253, 1166, 1059 (CO; CF);
1
H NMR (400 MHz, CDCl3, δ in ppm): 8.31 (dd, J = 17.8,
8.8 Hz, 4H, ArH), 8.14 (d, J = 8.9 Hz, 2H, ArH), 8.01–7.92
(m, 3H, ArH), 7.69 (d, J = 2.0 Hz, 2H, ArH), 7.42–7.33
(m, 6H, ArH), 7.13–7.06 (m, 1H, ArH), 6.98 (d, J = 9.0
Hz, 2H, ArH), 4.05 (t, J = 6.4 Hz, 2H, OCH2), 1.83–1.80
(m, 2H, OCH2CH2), 1.35–1.26 (m, 18H, CH2), 0.87 (t, J=
6.6 Hz, 3H, CH3); Anal. calcd. for C50H45F3O9: C 70.91,
H 5.36; found: C 70.97, H 5.60.
2.1.4. Synthesis of compound IIc
Compound IIc was prepared in a similar manner to that
described for the preparation of compound I.
Quantities: 7-hydroxynaphthalene-2-yl 2,4,6-triﬂuorobenzoate (7c, 2.50 g, 7.86 mmol), compound 4 (4.30 g,
7.86 mmol), DMAP (0.12 g, 0.98 mmol) and DCC (1.62
g, 7.86 mmol). The product was chromatographed on
silica gel using CH2Cl2. Recrystallisation from acetone
aﬀorded pure IIc. Yield: 43%; IR (KBr pellet, ν in cm–1):
3076 (aromatic CH), 2918, 2843 (aliphatic CH), 1740
(conj. C=O), 1623, 1470 (aromatic C=C), 1258, 1237,
1166, 1125, 1049, 1013 (CO; CF); 1H NMR (400 MHz,
CDCl3, δ in ppm): 8.29 (dd, J = 18.5, 7.8 Hz, 4H, ArH),
8.14 (d, J = 11.6 Hz, 2H, ArH), 7.93 (d, J = 8.8 Hz, 2H,
ArH), 7.70 (dd, J = 6.0, 2.0 Hz, 2H, ArH), 7.42–7.34 (m,
6H, ArH), 6.98 (d, J = 8.8 Hz, 2H, ArH), 6.82 (t, J = 11.4
Hz, 2H, ArH), 4.04 (t, J = 6.6 Hz, 2H, OCH2), 1.85–1.78
(m, 2H, OCH2CH2), 1.43–1.26 (m, 18H, CH2), 0.87
(t, J = 6.6 Hz, 3H, CH3); Anal. calcd. for C50H45F3O9:
C 70.91, H 5.36; found: C 70.82, H 5.44.
2.1.5. Synthesis of compound IId
Compound IId was prepared in a similar manner to
that described for the preparation of compound I.
Quantities: 7-hydroxynaphthalene-2-yl 3,4,5-triﬂuorobenzoate (7d, 2.20 g, 6.91 mmol), compound 4 (3.78
g, 6.91 mmol), DMAP (0.11 g, 0.86 mmol) and DCC
(1.43 g, 6.91 mmol). The product was chromatographed on silica gel using CH2Cl2. Recrystallisation
from acetone aﬀorded pure IId. Yield: 43%; IR (KBr
pellet, ν in cm–1): 3123 (aromatic CH), 2921, 2849
(aliphatic CH), 1731 (conj. C=O), 1573, 1462 (aromatic
C=C), 1319, 1275, 1165, 1069, 1031, 1011 (CO; CF);
1
H NMR (400 MHz, CDCl3, δ in ppm): 8.30 (dd, J =
17.6, 11.2 Hz, 4H, ArH), 8.14 (d, J = 11.6 Hz, 2H,
ArH), 7.95–7.88 (m, 4H, ArH), 7.68 (dd, J = 9.6, 2.4
Hz, 2H, ArH), 7.42–7.31 (m, 6H, ArH), 6.98 (d, J = 2.0
Hz, 2H, ArH), 4.04 (t, J = 7.0 Hz, 2H, OCH2),

1.83–1.79 (m, 2H, OCH2CH2), 1.48–1.22 (m, 18H,
CH2), 0.87 (t, J = 7.6 Hz, 3H, CH3); Anal. calcd. for
C50H45F3O9: C 70.91, H 5.36; found: C 71.09, H 5.36.

2.2. Mesophase characterisation
The transition behaviours were characterised by DSC
(TA Instruments DSC Q2000). The DSC measurements were performed under a N2 atmosphere with
heating and cooling rates of 10°C/min. Optical texture
observations were conducted using a polarising
microscope (Carl Zeiss Axioskop 40 Pol; Nikon
ME600) with a heating stage (Mettler FP82HT;
Linkam LTS420).
Wide-angle X-ray diﬀraction (WAXD) experiments were conducted in the reﬂection mode with
a Rigaku 12 kW rotating-anode X-ray (CuKα radiation) generator coupled with a diﬀractometer. The
diﬀraction peak positions and widths were calibrated
with silicon crystals in the high-2θ-angle region
(>15°) and with silver behenate in the low-2θ-angle
region. To monitor the structural evolution with
temperature changes, a heating stage calibrated to
be within an error of ±1°C was coupled to the diffractometer. Samples were scanned across a 2θ range
of 1.5° to 35° at a scanning rate of 2°/min. Silicon
crystal powder, which was used as an internal reference, shows a diﬀraction ring at a 2θ value of 28.466°.
In the WAXD experiments, background scattering
was subtracted from the sample scans.
Water-insoluble salts were ﬁltered out of the tetrahydrofuran (THF) solution using a membrane ﬁlter.
Subsequently, the ﬁltrate was precipitated from water,
collected by ﬁltration, and dried under vacuum. The
obtained LCs were injected between two indium tin
oxide (ITO) glass slides by capillary action at 200°C.
Each ITO glass slide, which had a square patterned
electrode and an area of 1 cm2, was spin-coated with
a commercial planar alignment reagent (JSR). The
spin-coated alignment layer was pre-baked at 100°C
for 10 min to evaporate the solvent and then cured at
210°C for 1 h to complete the imidisation reaction.
The cell thickness was maintained using glass spacers
5 μm in diameter. The temperature of the cell was
maintained within an accuracy of 0.1°C using
a heating stage (Mettler FP90). Spontaneous polarisations were measured using the triangular-wave
method [35], whereby it is easy to subtract the background current. The polarisation current, converted
into a voltage signal through a current ampliﬁer
(Keithley Model 428), was measured with a digitising
oscilloscope (Tecktronix TDS-754D).
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3. Results and discussion
Compounds I and IIa-d were synthesised by Steglich
esteriﬁcation followed by Jones oxidation. We sought to
make a highly polarisable, trans-conformational system to
maximise the net dipole moment for the long arms.
Therefore, we adopted an elongated arm consisting of
a naphthalene and three phenyl rings connected with
ester linkages along one p-direction. Initially, we struggled
with whether the substitution position of the naphthalene
central core should be the asymmetric 1,6-position (I) or
the symmetric 2,7-position (IIa–d) in order to induce
macroscopic polar symmetry. However, in this study, we
could quickly determine that a molecule with asymmetric
1,6-naphthalene substitution was not liquid crystalline (I:
Tm = 185°C; ΔHm = 45.0 kJ mol–1). Hence, herein we
focused on structures with symmetric 2,7-naphthalene
substitution. Moreover, the short arm was composed of
only one phenyl ring with 2,3,4-, 2,4,5-, 2,4,6- or 3,4,5-triﬂuoro substituents, which might be the origin of the net
dipole moment owing to its high electronegativity. At the
molecular structural level, the substitution pattern of the
tri-ﬂuorinated phenyl group was considered from two
structural viewpoints. The ﬁrst is whether the substitution
position is ‘symmetric’ (i.e., the 2,4,6- and 3,4,5-positions)
or ‘non-symmetric’ (i.e., the 2,3,4- and 2,4,5-positions).
The second is whether the substitution pattern is ‘continuous’ (i.e., the 2,3,4- and 3,4,5-positions) or ‘noncontinuous’ (i.e., the 2,4,5- and 2,4,6-positions).
Types of mesophases and phase transitions have been
assigned in the base of DSC, POM and XRD results with
reference to the literature [10–34]. Summarising, compound IIa forms six diﬀerent mesophases including
a monotropic unknown smectic phase and a hexatic-type
smectic phase, that is, Iso ↔ NCybC ↔ SmA ↔ SmCs ↔
SmCa (→ SmX) ↔ Cr (← HexI). Compound IIb forms
four diﬀerent enantiotropic ﬂuid mesophases and one
hexatic-type smectic phase, that is, Iso ↔ NCybC ↔ SmA ↔
SmCs ↔ SmCa ↔ Cr (← HexI). Compound IIc forms
three diﬀerent ﬂuid mesophases including a monotropic
anticlinic SmC phase, that is, Iso ↔ NCybA ↔ SmA (→
SmCa) ↔ Cr. Compound IId forms four diﬀerent enantiotropic ﬂuid mesophases and one hexatic-type smectic
phase, that is, Iso ↔ SmA ↔ SmCs ↔ SmCa ↔ Cr (←
HexI).

3.1. Thermal and microscopic behaviour
Figure 1 presents the DSC thermograms of compounds
II. All compounds are thermally stable as conﬁrmed by
the reproducibility of the thermograms on the second
heating and cooling cycles. The thermograms reveal
that: (i) on heating, IIa, IIb and IId show two distinct
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melting peaks, whereas IIc exhibited only one distinct
melting peak; (ii) on cooling, IIa, IIb and IId show
a sharp, strong peak for crystallisation, whereas IIc
exhibited multiple peaks for crystallisation; (iii) on
both heating and cooling, IIa, IIb and IIc showed
a small peak for isotropisation, whereas IId showed
a medium peak for isotropisation; (iv) for all compounds, the peaks for mesophase-to-mesophase transitions were exceedingly small but accurately deﬁned.
The transition temperatures (°C) and the associated
enthalpies (kJ mol−1) obtained from the DSC thermograms of compounds II are listed in Table 1. All the
compounds had melting temperatures (m.p.) in the
range of 148°C to 161°C depending on the structure.
On cooling, all the compounds showed supercooling
phenomena and had crystallisation temperatures in the
range of 124–136°C. The isotropisation temperatures
(Ti) of all compounds except IIb were in the range of
222–224°C. The Ti of compound IIb was lower than
other compounds by approximately 10°C. This could be
ascribed to the shorter persistence length of the molecules in the ﬂuid state, described in the next section,
which was probably due to the non-continuous, nonsymmetric 2,4,5-substitution pattern of the F atoms. On
cooling, compound IIa formed a nematic phase at
223°C, a SmA phase at 210°C, and a SmC phase at
196°C. The nematic phase could be assigned as a SmCtype cybotactic nematic phase (NCybC) because the
enthalpy change for the Iso-to-N transition (ΔH = 0.30
kJ mol–1) is comparable with the reported values for the
Iso-to-NCybC transition for HSLCs [20]. At 188°C, the
SmCs-to-SmCa transition was distinguished by a distinct
enthalpy change (ΔH = 0.12 kJ mol–1). A transition from
the SmCa phase to SmX phase occurred at 135°C with
an enthalpy change (ΔH = 0.12 kJ mol–1) comparable
with the enthalpy changes for transitions between two
diﬀerent ﬂuid smectic phases for HSLCs [19]. In
the second heating cycle, this compound exhibited a Crto-HexI transition at 145°C, which occurred on the ﬁrst
heating scan at 108°C. Upon further heating, four transitions occurred reversibly at the corresponding temperatures and with equivalent enthalpy changes as the
values obtained from the cooling cycle. The DSC results
of compound IIb reveal a similar behaviour as compound IIa. The key diﬀerence is that the former did not
exhibit an exotherm for the SmCa-to-SmX transition on
cooling. Compound IIc formed a nematic phase at
223°C on cooling and showed a transition into SmA
phase at 175°C. The enthalpy change for the Iso-to-N
transition for this compound (ΔH = 0.72 kJ mol–1) was
more than twice those for IIa and IIb. This suggests that
the nematic phase can be assigned to be the SmA-type
cybotactic nematic phase (NCybA) [19]. In addition, this
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Figure 1. (Colour online) DSC thermograms on heating and cooling cycles (rate = 10°C/min). The red curves indicate the second DSC scan.

compound showed a monotropic transition from SmA
to SmCa at 149°C and the enthalpy change (ΔH = 0.20
kJ mol–1) was comparable to the corresponding transitions for IIa and IIb. Interestingly, compound IId, with
the continuous, symmetric 3,4,5-substitution position of
F atoms, shows quite diﬀerent mesogenic behaviour
from the rest of the compounds. For example, on cooling, the ΔH for isotropisation (3.0 kJ mol–1) of IId was
approximately ten times higher than those of the other
compounds (ca. 0.3 kJ mol–1). This suggests that an Isoto-SmA transition takes place. Upon further cooling, the
SmA-to-SmCs and SmCs-to-SmCa transitions were
observed at 197°C and 170°C, respectively, with
a small but distinct enthalpy change. On ﬁrst heating,
this compound formed one HexI phase at 109°C in
addition to the three diﬀerent types of enantiotropic
ﬂuid smectic phases.
Figures 2 and 3 present the optical textures of the
mesophases observed using ordinary microscopy slides.

On heating, compound IIa formed four diﬀerent smectic
phases in sequence before forming one nematic phase.
Above the melting point deﬁned by DSC, at 172°C the
SmCa phase is observed as a Schlieren texture with four
brush defects, [s] = 1 (Figure 2(a)). A transition between
the SmCa phase and the SmCs phase is started at 185°C;
this was apparent from the conversion of the birefringent
texture of SmCa into a pseudo-isotropic texture typical of
SmCs (Figure 2(b)), which is optically uniaxial and thus
can only be detected by using a compensator, which gives
a brownish dark texture. Upon further heating, this compound formed SmA phase and NCyb phase in sequence.
These two phases also appeared as pseudo-isotropic
phases. It is inferred that the SmCs, SmA and NCyb phases
might form dark conglomerate (DC) phase due to the
quasi-bent-shaped conformation of molecules [36]. The
textural changes between those three dark phases are very
subtle. Upon cooling from the isotropic liquid, four enantiotropic phases appeared. As the temperature was

b

a

● 109 (9.9)
68,
93,

114, 117,
146,
IId (3,4,5-)

IIc (2,4,6-)

IIb (2,4,5-)

Numbers in parentheses stand for the substitution position of the triﬂuoro substituents.
Abbreviations: 1–h = ﬁrst heating scan; 1–c = ﬁrst cooling scan; 2–h = second heating scan.
c
Total enthalpy change for multiple melting or multiple crystallisation processes.
d
The transition without detectable enthalpy was conﬁrmed by microscopic observation.

● 178d
● 170 (0.11)
● 178 (0.02)

● 149 (0.20)

● 135 (0.12)
● 145 (11.6)
● 109 (21.4)

SmX

HexI
● 108 (20.0)

m.p.
161 (37.7)
130 (20.7)
160 (21.9)
156 (19.2)
136 (21.0)
156 (22.5)
153 (37.4)
124 (11.6)c
153 (33.1)c
149 (26.1)
128 (25.5)c
148 (22.6)c
DSC scanb
1–h
1–c
2–h
1–h
1–c
2–h
1–h
1–c
2–h
1–h
1–c
2–h
Codea
IIa (2,3,4-)

Table 1. Transition temperatures (T, °C) and enthalpy changes (ΔH, kJ mol–1 in parentheses).

●
●
●
●
●
●

SmCa
188 (0.12)
186 (0.12)
187 (0.12)
184 (0.13)
182 (0.12)
184 (0.13)

●
●
●
●
●
●

SmCs
196 (0.08)
194 (0.06)
194 (0.10)
191 (0.10)
190 (0.17)
190 (0.14)

● 200 (0.14)
● 197 (0.15)
● 198 (0.01)

●
●
●
●
●
●
●
●
●
●
●
●

SmA
210 (0.27)
209 (0.25)
209 (0.29)
202 (0.23)
201 (0.25)
202 (0.27)
176 (0.16)
175 (0.37)
176 (0.16)
224 (3.1)
222 (3.0)
223 (3.0)

●
●
●
●
●
●
●
●
●

NCyb
223 (0.30)
222 (0.30)
222 (0.29)
214 (0.24)
214 (0.25)
214 (0.26)
224 (0.34)
223 (0.72)
224 (0.38)

Iso
●
●
●
●
●
●
●
●
●
●
●
●
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lowered, the NCyb, SmA and SmCs phases in sequence
appeared as dark phases. At even lower temperatures,
a Schlieren texture with two brush defects, [s] = 1/2
(Figure 2(c)) was observed, which was attributed to the
SmCa phase, and this converted paramorphically to a fanshaped texture as the temperature was lowered further
(Figure 2(d)). On further cooling, a dark phase grows
from the SmCa phase (Figure 2(e)), which is a monotropic smectic phase (SmX). This dark phase can be
excluded as being related to the hexatic phase because
the enthalpy change for this transition is comparable with
those for ﬂuid smectic phases. After the transition to the
crystal phase, a fan-shaped texture with concentric arcs
develops from the dark texture (Figure 2(f)), which changed into a fan-shaped texture of a HexI phase on
the second heating cycle (Figure 2(g)).
The POM observations of compound IIb reveal
a similar series of phases as for compound IIa except
for the monotropic SmX phase. That is, the NCyb, SmA
and SmCs phases are optically uniaxial at higher temperatures, whereas as the temperature is lowered, the
SmCa phase appears with a texture in which Schlieren
and homogeneous regions coexist (Figure 2(h)).
Compound IIc formed two diﬀerent enantiotropic
phases (NCyb and SmA) and one monotropic phase
(SmCa) in sequence. The nematic phase appeared with
a Schlieren texture (Figure 3(a,f)) at higher temperature.
Subsequently, upon cooling, an enantiotropic SmA phase
appeared can be identiﬁed from the weak birefringence
texture, which consists of either broad domain-like
areas (Figure 3(b,e)) or sharp ﬁngerprint-like patterns
(Figure 3(c)). At even lower temperatures, the monotropic
SmCa phase appears as a Schlieren texture (Figure 3(d)).
Compound IId formed three diﬀerent types of ﬂuid
smectic phases and, interestingly, an additional HexI
phase. The SmA phase appeared at higher temperatures as a completely dark pseudo-isotropic texture.
Upon cooling, in the same sample region, a fanshaped texture with focal conics for the SmCs phase
(Figure 3(h)) grew from the pseudo-isotropic melt
through the growth of bâtonnets (Figure 3(g)). Upon
further cooling, the same sample region changed to
a broken fan-shaped texture for the SmCa phase
(Figure 3(i)). At even lower temperatures, the crystal
phase appeared as a fan-shaped texture with an equidistant line pattern (Figure 3(j)). On reversing the
process through heating the sample, the SmCa phase
appeared with a poorly developed focal-conic-like
texture (Figure 3(k)). Subsequently, the SmCs phase
appeared with a typical focal-conic texture upon
further heating and the pseudo-isotropic region developed from this texture at yet lower temperature than
the SmA phase (Figure 3(l)).

8

E.-J. CHOI ET AL.

(a)

(c)

(b)

H172

C155

H185
(f)

(e)

(g)

C105

C131

(d)

C140
(h)

C166

H148

Figure 2. (Colour online) POM images observed for IIa (a–g) and IIb (h) at the indicated temperatures (abbreviations: H = heating;
C = cooling). Images were recorded using ordinary microscopy slides; magniﬁcation 200× except for (b) and (e) (100×); a 1/4λ
compensator was used for all observations.

(b)

(a)

C156

C166

(f)

(e)

H162
(i)

(g)

(j)

(h)

(k)

C120

C130

C194

H197

C139

(d)

(c)

C182
(l)

H181

H187

Figure 3. (Colour online) POM images observed for IIc (a–f) and IId (g–l) at the indicated temperatures (abbreviations: H = heating;
C = cooling). Images were recorded using ordinary microscopy slides; magniﬁcation 200×; a 1/4λ compensator was used for (b), (d),
(e) and (f); the inset shows the enlarged ﬁngerprint pattern.

3.2. X-ray diﬀraction properties
Figure 4 presents the XRD patterns obtained for compounds II at the indicated temperatures. At room
temperature, all compounds show a number of fairly
sharp reﬂections, which is indicative of the crystal
phase. On heating yet below the m.p., all compounds
except IIc exhibit fairly sharp reﬂection patterns,
which are diﬀerent from the patterns of the crystal
phases. This suggests a smectic phase possessing inplane positional order (HexI phase). In the smallangle region, compound IIa shows two strong

reﬂections at d1 = 4.25 nm and d2 = 2.19 nm in the
crystal phase, and at d1 = 3.99 nm and d2 = 1.99 nm in
the HexI phase. This means that upon heating the
crystal lamellar phase, which is prepared by nonsolvent precipitation during the synthetic procedure,
can be converted into the smectic lamellar phase.
A further increase in temperature resulted in
a signiﬁcant diﬀerence in the diﬀraction pattern
between the ﬁrst and second smectic phases, with
the ﬂuid phases showing only two reﬂections. The
SmCa phase of IIa has a diﬀuse wide-angle peak at
approximately 0.46 nm, which is indicative of the
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Figure 4. (Colour online) Sets of XRD patterns on heating and cooling scans. The d values (nm) obtained on cooling at the indicated
temperatures are: IIa: 4.25, 3.99, 3.81, 3.71, 3.61 and 3.36; IIb: 4.19, 3.81, 3.67, 3.52 and 3.31; IIc: 4.39, 4.33, 4.22, 3.73, 3.55 and 3.34;
IId: 4.37, 4.31, 3.69, 3.62 and 3.52.

longitudinal chain packing disappearing. In its smallangle region, a fairly strong peak appears at 3.81 nm,
which suggests short-range layer periodicity. For the
ﬂuid smectic phases, on sequential transition from
SmCa to SmCs and from SmCs to SmA, the layer
spacing decreased slightly (by approximately 0.1 nm
for each transition). Upon these successive transitions,
the high angular reﬂection did not show any signiﬁcant change. At higher temperature, the d value of the
nematic phase decreased by 0.25 nm. Nevertheless,
there was no signiﬁcant diﬀerence in the diﬀraction
patterns between the ﬂuid smectic phases and the
nematic phase. This means that the smectic-like shortrange order of the molecules is retained within the
nematic clusters. On cooling, compound IIa showed
four reﬂection patterns corresponding to four diﬀerent enantiotropic mesophases. Upon further cooling,
a reﬂection for an additional ﬂuid smectic phase
(SmX) was observed at 130°C. However, upon lowering temperature further, no patterns for the HexI
phase were observed, although it appeared on
the second heating cycle (see Figure S1, ESI).
The X-ray reﬂection patterns of compound IIb
showed similar results as those observed for IIa
with the same phase sequence except for the
monotropic SmX phase. The lower d values of IIb, with

the non-continuous, non-symmetric 2,4,5-triﬂuorophenyl substitution pattern, compared with IIa, with the
continuous, non-symmetric 2,3,4-triﬂuorophenyl substitution pattern, can be attributed to the shorter eﬀective
molecular length due to the decreased bending angle of
the molecules.
On heating, compound IIc, with the non-continuous,
symmetric 2,4,6-triﬂuorophenyl group substitution position, exhibited only low-ordered X-ray patterns corresponding to two diﬀerent ﬂuid smectic phases and one
nematic phase, dissimilar to the above-mentioned compounds. The similarity of d value of its nematic phase to
those of IIa and IIb considerably burdens the assignment
of the NCybA phase although the ΔH for the N-to-SmA
phase transition of the former compound was signiﬁcantly higher than those of the latter compounds. The
d values of the smectic phases at 160°C (3.55 nm) and at
130°C (3.73 nm) were comparable to those for the SmA
phase (avg. 3.55) and the SmCa phase (avg. 3.77) rather
than the SmCs phase (avg. 3.67) of other compounds.
At room temperature, compound IId showed two
strong reﬂections at d1 = 4.37 nm and d2 = 2.23 nm in
the small-angle region, attributed to the solid-state
crystal lattice structure. As the temperature increased,
in the wide-angle region, the HexI phase appeared with
a signiﬁcantly diﬀerent pattern to that of the crystal
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lattice, and in the small-angle region, two reﬂections at
d1 = 4.22 nm and d2 = 2.12 nm were observed.
A further increase in temperature resulted in the ﬂuid
smectic phases, the patterns of which showed a broad
diﬀraction in the wide-angle region, and the d value
signiﬁcantly decreased by 0.62 nm in the small-angle
region. This indicates a transition from the HexI to the
SmC phase. As the temperature further increased, the
d value decreased slightly (by 0.07 nm), suggesting
a transition from the SmCa to the SmCs phase. At
high temperature, the d value becomes 3.52 nm,
which more closely resembles the typical values for
the SmA phase rather than the NCyb phase (avg. 3.34)
for other compounds.
Figure 5 presents the temperature dependence of the
layer spacing. Upon cooling, clear discontinuities are
observed in the layer spacing and thus the phase transitions are clearly perceivable: a jump in the layer
spacing is observed at the phase transition, whereas
a very subtle or slight increase is observed within the
temperature range of each phase, regardless of the type
of phase. Speciﬁcally, the crystal and HexI phases have
relatively large d values (3.99–4.39 nm), whereas the
ﬂuid smectic and cybotactic nematic phases have relatively smaller d values (3.31–3.81 nm). Overall, the
d values obtained on cooling increased with the

temperature, giving variations of less than 5% for the
ﬂuid states. The diﬀerence in the d values might result
from a change of the molecular conformation or either
a change of the tilt or degree of intercalation. Herein,
the pseudo-rod-like molecules should lead to
a considerably smaller change in the molecular conformation compared with BCLCs. Previously, we
reported that the molecular length (l) for analogous
molecules with energy minimised conformations was
estimated to be 4.2 nm, based on the assumption that
there was no intercalation between chains [27]. In this
study, the 1,3-phenylene central core used previously
was replaced with the 2,7-naphthalene central core, and
the l value was estimated to be 4.38 nm by using the
MM2 element of the ChemDraw3D software. Herein,
the ﬂuid smectic phases formed layers with d/l =
0.80–0.87. In particular, an unexpected decrease of
the d value is noted for the transition into the nontilted SmA phase and thus the tilt angle cannot be
estimated by using the ratio dSmC/dSmA. This strongly
suggests that the smectic phases do not represent simple single layer structures, but must be considered as
signiﬁcantly interdigitated double layer structures.
Moreover, we assumed that the quasi-bent-shaped
molecules with a highly polar end group would lead
to an abrupt change in the molecular arrangement

Figure 5. (Colour online) Temperature dependence of the d value of the small-angle reﬂection in the diﬀerent mesophases during
cooling. The dashed lines indicate the transition temperatures determined from DSC measurements.
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between the polar packing and the aliphatic-aliphatic
intercalation [19].

3.3. Surface alignment and E-O behaviour
Figure 6 presents the optical textures observed for compounds II using a planar cell. The crystal state of IIa
displayed negligible alignment in rubbed polyimide (PI)
coated cells (Figure 6(a)). On heating, its HexI phase
(Figure 6(b)) as well as the SmCa phase (Figure 6(c,d))
presented distinctly oriented textures with broken-fan-like
domains along the rubbing direction. Upon further heating, both the SmCs (Figure 6(e)) and SmA (Figure 6(f,g))
phases surprisingly showed uniform textures, which converted into a pseudo-isotropic texture upon transition to
the NCybC phase (Figure 6(h)). Possibly, this completely
dark phase could be the dark conglomerate (DC) phase
resulting from distortion of the long-range periodic order.
The crystal phase of IIb had a striped pattern aligned along
the rubbing direction (Figure 6(i)). This implies that in the
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cell fabrication process, the director of the smectic phase
can be preserved during the crystallisation of the melt.
Upon heating, the SmCa phase of IIb displayed
a uniform texture (Figure 6(j)), which started to change
into the dark phase at 170°C (Figure 6(k)). As the temperature increased this dark phase was persisted till isotropisation (Figure 6(l)). Similar to IIb, compound IIc
showed a striped pattern along the rubbing direction for
the crystal phase (Figure 6(m)), and subsequently exhibited
uniform textures for both the SmA (Figure 6(n,o)) and
NCybA (Figure 6(p–r)) phases, which converted into the
dark phase at higher temperature (Figure 6(s)). Dissimilar
to other compounds, compound IId showed no planar
alignment along the rubbing direction in any of the birefringent phases. However, at higher temperature, the SmCa
phase appeared along with the dark phase (Figure 6(t)).
Interestingly, the colour of the homogeneous
images changed with temperature. Compounds IIa
(Figure 6(e–g)) and IIb (Figure 6(j,k)) showed a redshifted colour change whereas compound IIc

Figure 6. (Colour online) POM images at the indicated temperatures (°C) recorded from samples in 5 μm planar alignment cells. The
upper rubbing direction was antiparallel to the lower rubbing direction. The polariser (P) meets at right angles to the analyser (A),
which makes an angle of ± 45° with the rubbing direction (R). (a–h) IIa; (i–l) IIb; (m–s) IIc; (t) IId.
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appeared with every half period of the applied triangular wave voltage. For IIa and IIc, distinct single reverse
current peaks were observed over the full temperature
range of the smectic phases. As the temperature
increased, the reverse current peaks of IIa increased
steadily, whereas the reverse current peaks of IIc
decreased distinctly. This means that, as the temperature increases, for IIa the polar character slightly
increases with the sequential SmCa–SmCs–SmA phase
transitions, whereas for IIc the polar character of the
SmA phase clearly decreases. On heating, compound
IIb exhibited relatively broad reverse current peaks
only in the temperature range corresponding to the
SmCa phase. After the transition to the SmCs phase at
T = 184°C deﬁned by DSC, no current responses were
observed in the temperature range related to the both
of SmCs and SmA phases. This indicates that the SmCa
phase of IIb could possess relatively weak polar character but the remaining two smectic phases did not at
all. For compound IId, no remarkable current peaks
were observed within the total measured temperature
range for the smectic phases. This indicates that compounds IIa, IIb and IIc can form SmPF phases (i.e.,
ferroelectric phases), whereas compound IId cannot.

Polarisation current (a.u.)

(Figure 6(n–r)) exhibited a blue-shifted colour
change. Shanker et al. reported that for optically uniaxial smectic phases of BCLCs in a planar cell, the
colour change was a result of an increase in the order
parameter as the temperature increased [37]. Herein,
at the quarter-wavelength retardation condition, the
maximum transmittance wavelength is diﬀerent from
the incident wavelength depending on the given
thickness. Nonetheless, the cell thickness was maintained using glass spacers 5 μm in diameter and thus,
this factor might scarcely aﬀect the interpretation of
the colour changes in birefringence depending on the
temperature.
For the detection of the polar character of the mesophases, all compounds II were puriﬁed by using the
method described in the Experimental section in order
to get rid of ionic impurities. Figure 7 presents polarisation current graphs measured by using a triangularwave method, which were scaled to the same amplitude
for ease of comparison. The current slopes were found
to gradually increase with increasing temperature as
the ionic mobility also increased in the mesogenic
phase (see insets in Figure 7). For all compounds
except for IId, distinct single reverse current peaks
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Figure 7. (Colour online) Switching current response obtained by applying a triangular voltage (E = 1.0 V μm–1) at the indicated
temperatures.
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4. Conclusions

of IIa and IIb, and in the SmA of IId (Figure 8(b,c)). In
the planar alignment cells, compound IIc showed a DC
phase in the NCybA phase (Figure 8(a)). This means that
some mesophases can have a distortion of the longrange periodic order. Interestingly, the crystal phases
of IIb and IIc showed the homogeneously aligned textures with striped pattern along the rubbing direction,
and the SmCa and HexI phases of IIa exhibited the
heterogeneously aligned textures with a broken-fanshaped defect along the rubbing direction. Moreover,
the SmCs and SmA phases of IIa, the SmCa phase of IIb,
and the SmA phase of IIc showed the completely homogeneous (i.e., uniform) texture under the planar boundary conditions. These results conﬁrm that the HSLCs-3
can manifest the good alignment characteristics in the
planar anchoring conditions, which is a typical feature
of RLLCs. More noteworthy is that all the pseudo-rodlike molecules except IId show distinct reverse
currents in some ﬂuid smectic phases when using the
triangle-wave method. This provides the ﬁrst experimental evidence that non-chiral HSLCs-3 with a quasibent conformation can form a polar ﬂuid smectic phase.
Considering the molecular geometry, it is not surprising
that the conventional HSLCs (HSLCs-1 and 2) can form
a polar mesophase because both of the arms are long
enough to construct the bent shape needed. On the
other hand, it is astonishing that the third type of
HSLCs (HSLCs-3) can form a polar mesophase because
one of the arms is too short to have an eﬀective bent
shape and thus may have an almost linear shape.
Furthermore, we have postulated that the monotropic
SmX phase of IIa, which occurred at a lower temperature than the SmCa phase, could be a heliconical smectic

A new series of the HSLCs-3 were synthesised and
characterised, which we called the either quasi-BCLCs
or pseudo-RLLCs. Herein, adoption of the 2,7-naphthalene central cores as well as tri-ﬂuorinated phenyl terminal was beneﬁcial for elucidating the origin of polar
symmetry. Our intention is to induce macroscopic
polarity along tip direction due to highly polar symmetry in spite of remarkably short ‘arm’ with no ﬂexible
terminal chains. We suggest a strongly interdigitated
double-layered structure instead of a monolayer structure in the ﬂuid smectic phases, as the l values are
substantially larger than the d values. Interestingly the
new HSLCs-3 formed the SmCa phase and SmCs–SmCa
transitions, which are frequently observed in BCLCs
[36] and HSLCs [6–11,19,20] rather than RLLCs. In
addition, the HSLCs-3 revealed various mesomorphic
polymorphisms depending on the substitution pattern
of the three ﬂuorine atoms (Figure 8). In summary,
IIa with a continuous, non-symmetric 2,3,4-substitution
position showed hexamorphism including a monotropic
SmX phase on cooling and a HexI phase on heating; IIb
with a non-continuous, non-symmetric 2,4,5-substitution position showed tetramorphism enantiotropically
and an additional HexI phase upon heating; IIc with
a non-continuous, symmetric 2,4,6-substitution position showed trimorphism including a monotropic
SmCa phase; IId with a continuous, symmetric
3,4,5-substitution position showed trimorphism enantiotropically and an additional HexI phase upon heating.
Surprisingly, in the ordinary microscopy slides, the DC
phases appeared in the SmCs, SmA and NCybC for both
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Figure 8. (Colour online) Orientation and phase transition behaviour depending on the molecular and cell structure. The red arrows
indicate the existence of polar mesophases, and the black bars stand for DC phases: (a) planar alignment cell; ordinary glass slide on
ﬁrst heating (b) and on cooling (c).
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phase (SmCTB) [3]. This might be attributed to the
interdigitated bilayer structure as a result of the existence of a strong polar head group on the short arm of
the pseudo-rod-like molecules. However, future studies
will be required to ascertain the assignment of such
SmCTB phase. In conclusion, it is our belief that the
newly synthesised HSLCs-3 are eﬃcacious in manifestation of the truly intermediate mesomorphism that can
form either polar packing similar to BCLCs or bookshelf
packing similar to RLLCs depending on the temperature
and anchoring conditions.
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