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Columnar liquid-crystalline compounds based on
phosphine oxide: effects of structures of the
flexible chains on their self-assembling behavior†

Jingze Bi, a Junya Uchida a and Takashi Kato *ab

A series of liquid-crystalline compounds based on triphenylphosphine oxide incorporating alkene-

terminated side chains were designed and synthesized to examine their self-assembling behavior and

responsiveness to electric fields. All compounds exhibited rectangular columnar phases, with

isotropization temperatures varying based on their molecular structures. The incorporation of alkene-

terminated side chains into liquid crystals in this series resulted in improved electric field responsiveness,

as evidenced by the formation of fully homeotropic alignment under both direct current and alternating

current electric fields. These results provide valuable insights into the structure–property relationships

governing the self-assembling behavior and electric field responsiveness of the polar columnar liquid

crystals, offering design principles for the development of electric field responsive materials.

Introduction

The shape of liquid-crystalline (LC) molecules is a crucial factor
as it fundamentally determines ordered molecular packing.1–3

Traditionally, rod-like and disk-like molecules have been the basic
shapes used in developing calamitic and discotic LC materials,
respectively.4–6 Among the LC materials with different shapes, LC
materials with a C3 symmetry are a fascinating class of com-
pounds characterized by their unique molecular geometry and
self-assembly properties.7–18 These materials typically feature a
central aromatic core with three identical arms extending out-
ward, forming a star-like structure. The tuneable molecular design
in aromatic cores and extending arms of the C3-symmetric
structure enables versatile control over self-assembling properties
and potential applications.12–21

Our intention here is to develop polar liquid crystals with
C3-symmetric structure.9,14 The study of polar columnar
liquid crystals remains in its early stage, while the extensive
researches have been conducted on a variety of calamitic liquid
crystals with polar group.22–26 In polar columnar liquid crystals,
strong p–p stackings between molecules can increase viscosity,
which results in lower responsiveness to electric fields
(E-fields). In 1993, Swager reported on vanadyl salicylaldehyde

Schiff base compounds as polar columnar liquid crystals.27

These compounds were designed to mimic the well-known
ferroelectric material, barium titanium(IV) oxide (BaTiO3).27

Since then, some of polar columnar liquid crystals including
the development of cone-like,28,29 bowl-like,30,31 taper-like,32–34

sulfone-based,35 and hydrogen-bonded molecules36–39 have
been reported. However, these polar columnar structures are
associated with relatively high driving voltages and low
response speeds when subjected to an external E-field.

Numerous methods have been employed to fabricate LC
materials with higher E-field responsiveness, such as reducing
the viscosity and increasing the dielectric anisotropy of LC
materials.22–26 As the introduction of alkene side chains to
liquid crystals resulting in a decrease of the melting and
isotropization temperatures,40–43 the fluidity of these liquid
crystals therefore greatly enhanced. For instance, introducing
alkene-terminated side chains to the polymer dispersed liquid
crystal (PDLC) film results in a higher contrast ratio and faster
response time.43

In this work, we aim to enhance the E-field responsiveness
of triphenylphosphine oxide (TPPO)-based liquid crystals,
which have already demonstrated to be E-field responsive in
our previous work.14 The cone-shaped polar structures of
these TPPO-based molecules suggest potential for molecular
reorientation or inversion under moderate E-field conditions.
Enhanced E-field responsiveness in these compounds
could facilitate their application in high-density memory
devices and other electronic applications, potentially improv-
ing device performance through more efficient molecular
switching.
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Results and discussion
Material design

To enhance the E-field responsiveness of TPPO-based com-
pounds, a series of molecules were designed and synthesized
by incorporating alkene-terminated side chains (Fig. 1 and 2).
Compared to LC molecules having fully saturated alkyl chains,
LC molecules with alkene groups demonstrate enhanced
responsiveness under external E-field.44–46 In addition to ether
linkages, amide linkages binding the TPPO core and side
chains were also incorporated to examine their effects on LC
properties and E-field responsiveness (Fig. 1 and 2). This
structural variation allows us to investigate how different link-
ing groups influence the self-assembly behaviour and respon-
siveness of these TPPO-based compounds.

Compound 1 has one alkoxy side chains and two alkene-
terminated side chains at each arm, while compound 2 chan-
ged all the alkoxy side chains to alkene-terminated side chains
(Fig. 2). These modifications were implemented to enhance E-
field responsiveness compared to the reference compound 49,14

with fully saturated alkoxy side chains (Fig. 2). In compound 3,
we replaced the ether linkages with amide groups while main-
taining a side chain distribution similar to compound 1,
anticipating potential E-field induced reorientation through
hydrogen-bonded structures.

LC properties of the TPPO-based compounds with
alkene-terminated side chains

The LC properties of compounds 1–3 were examined using
polarizing optical microscopy (POM), differential scanning
calorimetry (DSC), and X-ray diffraction (XRD) measurements
(Fig. 3–5). The phase transition behavior of these compounds
and compound 414 is summarized in Table 1.

Compound 1 exhibited a focal conic texture which is typical
for columnar phase (Fig. 3a). The DSC curves of 1 (Fig. 3b)
showed only one peak at 28.9 1C corresponding to phase
transition from a columnar phase to an isotropic phase during
heating. On the cooling process, this compound maintained its
columnar phase without crystallization. The XRD pattern of
compound 1 (Fig. 3c) in the rectangular columnar phase
displayed three distinct peaks at 34.6 Å, 31.6 Å, and 15.8 Å,
assigned to the (110), (200), and (400) reflections, respectively.

Compound 2 showed a focal conic texture with smaller
domains under crossed Nicols conditions at 15 1C during
cooling (Fig. 4a). The DSC curves of 2 (Fig. 4b) showed a single
transition peak at 24.8 1C, indicating the columnar-to-isotropic
phase transition during heating. On the cooling process, this
compound remained in the columnar phase from 14.7 1C to
lower temperatures. Moreover, the isotropization temperature

Fig. 1 Schematic illustration of molecular design.

Fig. 2 Molecular structures of compounds 1–4.

Fig. 3 (a) Polarizing optical microscopy image at 20 1C on cooling from
the isotropic phase, (b) differential scanning calorimetry thermograms, and
(c) X-ray diffraction patterns of compound 1 at 20 1C. Vertical and horizontal white
arrows shown in (a) indicate the analyzer and polarizer directions, respectively.
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of 2 was lower than that of 1. These results suggest that the
incorporation of alkene-terminated side chains in TPPO-based
compounds disrupted ordered molecular packing. The XRD
pattern of compound 2 (Fig. 4c) in the rectangular columnar
phase showed three peaks at 34.0 Å, 30.7 Å, 15.4 Å, corres-
ponding to the (110), (200) and (400) reflections, respectively.

A similar focal conic texture was observed under POM
for compound 3 (Fig. 5a), which incorporated both

alkene-terminated side chains and amide linkages. However,
the isotropization temperature was significantly increased to
94.4 1C upon heating (Fig. 5b). As the formation of intermole-
cular hydrogen bonds was confirmed by the Fourier-transform
infrared (FT-IR) spectra (Fig. S1, ESI†), this increase of isotropi-
zation temperature is primarily attributed to the formation of
intermolecular hydrogen bonds,21 which greatly enhance the
order of molecular packing. The XRD pattern (Fig. 5c) exhibited
three peaks at 36.3 Å, 33.7 Å and 16.9 Å, corresponding to the
(110), (200) and (400) reflections, respectively.

The isotropization temperatures of compounds 1 and 2 were
lower than that of compound 4 (Table 1) probably due to the
less ordered molecular packing caused by alkene-terminated
side chains. Although compound 3 also possesses alkene-
terminated side chains, formation of the intermolecular hydro-
gen bond through the amide linkage results in a higher
isotropization temperature than compound 4.

E-field responsiveness of the TPPO-based compounds with
alkene-terminated side chains

The E-field responsiveness of these TPPO-based compounds
was evaluated using both direct current (DC) and alternating

Table 1 Thermal properties of TPPO-based LC compounds

Compound Phase transition behaviora

1 Colr 28.9 Iso
(1.4)

2 Colr 24.8 Iso
(1.4)

3 Colr 94.4 Iso
(1.1)

414 Cr 2.5 Colr 56.0 Iso
(12.8) (2.1)

a Phase transition temperature (1C) and transition enthalpy (kJ mol�1)
in parentheses, deduced by DSC upon the second heating at a scanning
rate of 5 K min�1. Colr: rectangular columnar phase; Iso: isotropic
phase; Cr: crystalline phase.

Fig. 4 (a) Polarizing optical microscopy image at 15 1C on cooling from
the isotropic phase, (b) differential scanning calorimetry thermograms, and
(c) X-ray diffraction patterns of compound 2 at 20 1C. Vertical and
horizontal white arrows shown in (a) indicate the analyzer and polarizer
directions, respectively.

Fig. 5 (a) Polarizing optical microscopy image at 20 1C on cooling from
the isotropic phase, (b) differential scanning calorimetry thermograms, and
(c) X-ray diffraction patterns of compound 3 at 20 1C. Vertical and
horizontal white arrows shown in (a) indicate the analyzer and polarizer
directions, respectively.
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current (AC) E-fields applied during controlled thermal treat-
ment. The LC cells were first heated above their respective
isotropization temperatures and then cooled at a rate of 5 1C
min�1 to 10 1C under applied E-fields (Fig. 6a). For systematic
comparison, the voltage of E-field was set at 10 V mm�1 for DC
and 20 Vpp mm�1 (square wave, 100 Hz) for AC to make sure
that all the compounds are under uniform conditions (Fig. 6b).
These E-field parameters were selected to ensure comparable
experimental conditions while maintaining field strengths
sufficient to induce molecular reorientation without causing
LC material degradation.

Under both DC and AC E-fields, compound 4, containing only
saturated alkoxy side chains, maintained its polydomain texture
under both field conditions, indicating insufficient molecular
reorientation to achieve homeotropic alignment (Fig. 7a).

In contrast, compound 1, incorporating six alkene-terminated
side chains, exhibited complete transformation from polydo-
main to homeotropic alignment, evidenced by the disappear-
ance of birefringent textures under both DC and AC E-fields
(Fig. 7b). These results confirmed that the introduction of
alkene-terminated side chains increased the E-field responsive-
ness of TPPO-based liquid crystals. The increased E-field respon-
siveness of 1 compared to that of 4 may be ascribed to the
increased molecular mobility and the decreased viscosity. These
phenomena were observed for calamitic liquid crystals.40–43

For TPPO-based compound 2 with three additional alkene-
terminated side chains, this compound showed similar home-
otropic alignment under an AC E-field (Fig. 8a). Nevertheless,
under a DC E-field, the focal conic texture still existed (Fig. 8a),
suggesting that the E-field responsiveness of this compound
was different from compound 1 with fewer alkene-terminated
side chains. We propose that homeotropic alignments are
easier to achieve under AC E-fields due to the rapid field
alternation allowing both parallel and antiparallel dipole orien-
tations (Fig. S2, ESI†). The E-field responsiveness of compound
1 can be attributed to its optimized balance between molecular
mobility and ordered packing, while compound 2 has a lower
isotropization temperature indicating disrupted molecular
packing (Table 1).

Compound 3, incorporating both alkene-terminated side
chains and amide linkages, showed remarkable resistance to
E-field induced reorientation, maintaining its original texture
under both DC and AC E-fields (Fig. 8b). These results indicate
that compound 3 lacks E-field responsiveness under these
conditions.

Effect of dipoles moments on the E-field responsiveness of the
TPPO-based liquid crystals

To further elucidate the origin of the differences in E-field
responsiveness, analogues of compounds 1 and 3 were sub-
jected to molecular modelling to calculate their dipole

Fig. 6 (a) Schematic setup for electric field responsiveness measurements.
(b) Amplitudes of direct current and alternating current electric fields.

Fig. 7 Polarizing optical microscopy images of compounds (a) 4 and (b) 1
after applying direct current and alternating current electric fields. The
dashed lines represent the borders of electric field operating and non-
operating parts.

Fig. 8 Polarizing optical microscopy images of compounds (a) 2 and (b) 3
after applying direct current and alternating current electric fields. The
dashed lines represent the borders of electric field operating and non-
operating parts.
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moments (Fig. 9). The analogue of compound 1 exhibited four
distinct conformational states with dipole moments of 7.76,
5.82, 3.78, and 1.54 debye, arising from different orientations of
the ether bonds (Fig. 9a). Despite the variation in magnitude,
these dipole moments maintained consistent alignment along
the phosphine oxide group. The unidirectional alignment of
the dipole moments may cause the homeotropic alignment of
the columnar LC assembly of 1 under the E-fields (Fig. 7b). In
contrast, the analogue of compound 3 displayed four confor-
mational states with dipole moments of 9.52, 4.23, 4.47, and
5.71 debye, originating from different conformations of the
amide bonds (Fig. 9b). Notably, these dipole moments showed
diverse orientations: some almost perpendicular to phosphine
oxide group and others along it. This orientational disorder of
dipole moments in compound 3 may result in the formation of
polydomain LC structure under the E-fields (Fig. 8b), despite
individual conformations showing comparable or even higher
dipole moments than compound 1. These results highlight the
crucial role of not only the magnitude but also the directional
alignment of molecular dipoles in determining the E-field
responsiveness of columnar liquid crystals.

Conclusions

In this work, LC materials based on TPPO cores were designed
and synthesized with alkene-terminated side chains to enhance
their E-field responsiveness. All compounds self-assembled into
rectangular columnar phases, with the introduction of alkene-
terminated side chains enhancing E-field responsiveness,
as evidenced by the achievement of homeotropic alignment.
Molecular modelling studies revealed that the incorporation of
amide linkages in compound 3 resulted in misaligned molecular
dipoles that significantly diminished E-field responsiveness,
despite having similar alkene-terminated side chains as com-
pound 1. These findings highlight the critical balance between
molecular mobility, self-assembled structure, and dipole align-
ment in designing E-field responsive materials, providing valuable
guidance for future development of advanced LC materials.

Experimental
Preparation of LC compounds

Compounds 1 and 2 were synthesized via a Williamson ether
reaction of tris(4-hydroxyphenyl) phosphine oxide with a fan-
shaped benzyl chloride derivative possessing one alkoxy chain
and two alkene-terminated alkoxy chains, or three alkene-
terminated alkoxy chains (Scheme S1, ESI†). Compound 3 was
synthesized by amide condensation using a fan-shaped amine
derivative possessing one alkoxy chain and two alkene-
terminated alkoxy chains with tris(4-carboxylphenyl) phosphine
oxide (Scheme S2, ESI†). Compound 4 was prepared according to
a procedure reported previously9,14 and used as a reference
compound for comparative analysis of LC properties and
E-field responsiveness. Full synthetic details and characteriza-
tion data for compounds 1–3 are provided in the ESI.†

Preparation of LC cells and E-field responsiveness experiments

LC cells were prepared by introducing compounds 1–4 in their
isotropic phases followed by cooling to the LC phases. The LC cells
were then connected to a power supply using copper wires, placed
on a hot stage using Kapton tape, and observed under POM. The
E-field responsiveness experiments were conducted under 50 V DC
and 100 Vpp AC to ensure that all LC cells were subjected to
10 V mm�1 DC and 20 Vpp mm�1 AC E-fields, respectively.

Density functional theory calculation

Molecular modelling was performed by density functional
theory (DFT) calculation at the B3LYP/6-31G* level with a
wavefunction Spartan 18 (v. 1. 4. 4) program. Analogues of
compounds 1 and 3 were used for computational efficiency by
replacing the fan-shaped groups with methyl groups while
maintaining the essential TPPO core structure.
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Fig. 9 Molecular structures and energy minimized structures of analogues of (a) compound 1 and (b) compound 3. Green arrows indicate the directions
of dipole moments.
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ChemPlusChem, 2020, 85, 2219–2229.
12 L.-L. Lai, S.-J. Hsu, H.-C. Hsu, S.-W. Wang, K.-L. Cheng,

C.-J. Chen, T.-H. Wang and H.-F. Hsu, Chem. – Eur. J., 2012,
18, 6542–6547.

13 A. Sandeep, V. K. Praveen, D. S. S. Rao, S. K. Prasad and
A. Ajayaghosh, ACS Omega, 2018, 3, 4392–4399.

14 J. Bi, A. Akiyama, J. Uchida, K. Kishikawa and T. Kato, ACS
Appl. Polym. Mater., 2024, 6, 676–683.

15 L. Liu, J. Li, H. Zhu, H. Yang, X. Feng, D. Xiao, Y. Yang and
H. Gao, J. Mater. Chem. C, 2024, 12, 6450–6456.

16 T. Yasuda, T. Shimizu, F. Liu, G. Ungar and T. Kato, J. Am.
Chem. Soc., 2011, 133, 13437–13444.

17 K. Tanabe, T. Yasuda and T. Kato, Chem. Lett., 2008, 37,
1208–1209.

18 M. Kimura, T. Hatano, T. Yasuda, J. Morita, Y. Akama, K. Minoura,
T. Shimomura and T. Kato, Chem. Lett., 2009, 38, 800–801.

19 J. De, S. P. Gupta, S. S. Swayamprabha, D. K. Dubey, I. Bala,
I. Sarkar, G. Dey, J.-H. Jou, S. Ghosh and S. K. Pal, J. Phys.
Chem. C, 2018, 122, 23659–23674.

20 E. Beltrán, J. L. Serrano, T. Sierra and R. Giménez, J. Mater.
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