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The role of a liquid crystal oligomer in stabilizing blue phases
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3 Bunkyo-cho, Hirosaki 036-8561, Japan

(Received 22 May 2007; accepted 1 July 2007 )

A novel liquid crystal oligomer, 4-(4-cyanophenyl)phenyl 4-octyloxy-2-{7-{4-[4-(4-hexylphe-
nyl)-2,3-difluorophenyl]phenyloxy}heptanoyloxy}benzoate, was prepared and found to
exhibit a wide temperature range of a nematic phase in spite of being far from a rod-like
structure. Furthermore, the compound induced blue phases in the mixture with a chiral
smectic liquid crystal. The molecular shape and its 2,3-difluorophenyl unit play a role in
stabilizing the blue phases.

1. Introduction

Blue phases are of particular interest because they have

a fluid lattice, the structure of which is stabilized by

lattice defects. They are believed to consist of a double

twist cylinder, so are classified into three categories

depending on packing structure of double twist

cylinder, i.e. blue phase I (BPI), blue phase II (BPII)

and blue phase III (BPIII) [1–4]. The packing structure

of BPI is bcc and BPII has a simple cubic structure [5,

6]. On the other hand, theoretical insights have revealed

that BPIII and the isotropic phase have the same

symmetry [7]. It can be expected that BPIII consists of

double twist cylinders with arbitrary orientation [5, 8,

9]. Usually, blue phases are found in a very narrow

temperature range (,1 K) between the isotropic liquid

(I) and the chiral nematic (N*) phase of a compound of

sufficiently short pitch. Blue phases have potential

applications as fast light modulators or tunable photo-

nic crystals, but their narrow temperature range is a

critical problem. Therefore, stabilizing the blue phases

has attracted much attention [10–14]. Recently, Coles

and Pivnenko reported that mixtures composed of

several dimesogenic compounds containing fluorine

atoms and a chiral additive show a wide temperature

range of BPI [15].

We report here the molecular design of a host nematic

liquid crystal for stabilizing the blue phases.

Supermolecular liquid-crystalline materials in which

several mesogenic units are organized in a single

molecule are current topics in the design of self-

assembly systems. We designed a new liquid crystal

oligomer in which a mesogenic molecule possessing a

terminal cyano group and a mesogenic molecule

possessing lateral fluorine atoms are connected via a

flexible spacer. The newly prepared compound was

found to show an enantiotropic nematic phase with a

wide temperature range. Furthermore, mixtures of the

compound and a chiral smectic liquid crystal exhibited

blue phases. We discuss oligomeric effects of the host

nematic liquid crystal on stabilizing the blue phases.

2. Experimental

2.1. Preparation of materials

4-(4-Hexylphenyl)-1-(4-hydroxyphenyl)-2,3-difluoroben-

zene was obtained from Midori Kagaku Co., Ltd. A

chiral smectic liquid crystal, (S)-4-(1-methyl)heptylox-

ycarbonylphenyl 4-hexyloxybenzoate (S811), was

obtained from Merck Co., Ltd.

2.1.1. 2-Hydroxy-4-octyloxybenzoic acid. To a solution

of 2,4-dihydroxybenzoic acid (15.0 g, 100 mmol) and 1-

bromooctane (20.7 g, 106 mmol) in ethanol (140 ml) was

added a solution of KOH (21 g, 3.9 mol) in water (80 ml).

The mixture was stirred under reflux for 9 h. After the

solvent was removed, the residue was acidified with 2M of

aq. HCl (160 ml). The solution was extracted with diethyl

ether (36100 ml). The organic layers were combined,

dried over anhydrous magnesium sulfate, filtered and

evaporated. Recrystallization from ethanol gave the

desired compound; yield 2.52 g (9%); m.p. 35uC. 1H

NMR (500 MHz, solvent CDCl3, standard TMS) dH/

ppm: 10.64 (s, 1H, Ar–COOH), 7.81 (d, 1H, Ar–H,

J58.6 Hz), 6.49–6.44 (m, 2H, Ar–H), 3.99 (t, 2H, –O–

CH2–, J56.6 Hz), 1.82–1.74 (m, 2H, –OCH2–CH2–), 1.48–

1.29 (m, 10H, aliphatic), 0.89 (t, 3H, –CH3, J56.9 Hz). IR

(KBr) nmax/cm21: 3141, 2929, 2855, 1675, 1621, 1249, 1152.*Corresponding author. Email: ayoshiza@cc.hirosaki-u.ac.jp
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2.1.2. 4-(4-Cyanophenyl)phenyl 2-hydroxy-4-

octyloxybenzoate. To a solution of 2-hydroxy-4-

octyloxybenzoic acid (1.3 g, 5.0 mmol) and 4-(4-

cyanophenyl)phenol (0.98 g, 5.0 mmol) in

dichloromethane (30 ml), N,N-dicyclohexylcarbodiimide

(1.0 g, 5.0 mmol) and 4-(N,N-dimethylamino)pyridine

(0.061 g, 0.05 mmol) were added. The resulting solution

was stirred at room temperature for 24 h. Precipitated

materials were removed by filtration. After removal of the

solvent by evaporation, the residue was purified by

recrystallization from ethanol to give desired compound;

yield 0.84 g (38%); m.p. 107uC. 1H NMR (500 MHz,

solvent CDCl3, standard TMS) dH/ppm: 10.62 (s, 1H, Ar–

OH), 7.98 (d, 1H, Ar–H, J59.2 Hz), 7.75 (d, 2H, Ar–H,

J58.6 Hz), 7.69 (d, 2H, Ar–H, J58.6 Hz), 7.66 (d, 2H,

Ar–H, J58.6 Hz), 7.33 (d, 2H, Ar–H, J58.6 Hz), 6.53 (dd,

1H, Ar–H, J52.6, 8.9 Hz), 6.50 (d, 1H, Ar–H, J52.3 Hz),

4.02 (t, 2H, –O–CH2–, J56.6 Hz), 1.84–1.79 (m, 2H,

–OCH2–CH2–), 1.47–1.30 (m, 10H, aliphatic), 0.90 (t, 3H,

–CH3, J56.9 Hz). IR (KBr) nmax/cm21: 3262, 2920, 2850,

2225, 1678, 1619, 1248, 1198.

2.1.3. Ethyl 7-{4-[4-(4-hexylphenyl)-2,3-difluorophenyl]

phenyloxy}heptanoate. Potassium carbonate (0.83 g,

6.0 mmol) was added to a solution of 4-(4-

hexylphenyl)-1-(4-hydroxyphenyl)-2,3-difluorobenzene

(2.2 g, 6.0 mmol) and ethyl 7-bromoheptanoate (1.3 g,

6.0 mmol) in cyclohexanone (20 ml). The reaction

mixture was stirred under reflux for 9 h. After

filtration of the precipitate, the solvent was removed

by evaporation. The residue was purified by column

chromatography on silica gel with a toluene/ethyl

acetate (9/1) mixture to give the desired compound;

yield 1.8 g (60%); m.p. 128uC. 1H NMR (500 MHz,

solvent CDCl3, standard TMS) dH/ppm: 7.52 (d, 2H,

Ar–H, J58.6 Hz), 7.50 (d, 2H, Ar–H, J58.8 Hz), 7.28

(d, 2H, Ar–H, J58.0 Hz), 7.25–7.20 (m, 2H, Ar–H),

6.98 (d, 2H, Ar–H, J58.6 Hz), 4.16–4.11 (q, 2H,

–COO–CH2–, J57.1 Hz), 4.01 (t, 2H, –O–CH2–,

J56.6 Hz), 2.66 (t, 2H, Ar–CH2–, J57.7 Hz), 2.32 (t,

2H, –OC–CH2–, J57.4 Hz), 1.85–1.30 (m, 16H,

aliphatic), 1.26 (t, 3H, –COOCH2–CH3, J57.2 Hz),

0.90 (t, 3H, –CH3, J57.2 Hz). IR (KBr) nmax/cm21:

2955, 2922, 1713, 1457, 1248, 1184.

2.1.4. 7-{4-[4-(4-Hexylphenyl)-2,3-difluorophenyl]phenyloxy}-

heptanoic acid. Ethyl 7-{4-[4-(4-hexylphenyl)-2,3-

difluorophenyl]phenyloxy}heptanoate (1.5 g, 2.9 mmol)

was added to a solution of KOH (0.43 g, 8.0 mmol) in

an ethanol/water (3/1) mixture. The resulting solution

was stirred under reflux for 4 h. After removal of the

ethanol by evaporation, the residue was acidified with

aq. HCl. The solution was extracted with

dichloromethane. The organic layers were combined,

dried over anhydrous magnesium sulfate, filtered and

evaporated. The desired compound was obtained; yield:

0.79 g (57%); m.p. 71uC. 1H NMR (500 MHz, solvent

CDCl3, standard TMS) dH/ppm: 7.52 (d, 2H, Ar–H,

J58.6 Hz), 7.50 (d, 2H, Ar–H, J58.6 Hz), 7.28 (d, 2H,

Ar–H, J58.1 Hz), 7.25–7.20 (m, 2H, Ar–H), 6.99 (d,

2H, Ar–H, J58.6 Hz), 4.02 (t, 2H, –OCH2–, J56.3 Hz),

2.66 (t, 2H, Ar–CH2–, J57.8 Hz), 2.39 (t, 2H, –OC–

CH2–, J57.5 Hz), 1.86–1.26 (m, 16H, aliphatic), 0.90 (t,

3H, –CH3, J57.2 Hz). IR (KBr) nmax/cm21: 2927, 2856,

1733, 1459, 1252, 1180.

2.1.5. 4-(4-Cyanophenyl)phenyl 4-octyloxy-2-{7-{4-[4-(4-

hexylphenyl)-2, 3-difluorophenyl]phenyloxy}heptanoyloxy}

benzoate (1). To a solution of 7-{4-[4-(4-hexylphenyl)-2,

3-difluorophenyl]phenyloxy}heptanoic acid (0.38 g,

0.8 mmol) and 4-(4-cyanophenyl)phenyl 2-hydroxy-4-

octyloxybenzoate (0.35 g, 0.8 mmol) in dichloromethane

(12 ml), N,N-dicyclohexylcarbodiimide (0.17 g, 0.8 mmol)

and 4-(N,N-dimethylamino)pyridine (0.01 g, 0.08 mmol)

were added. The resulting solution was stirred at room

temperature for 24 h. Precipitated materials were removed

by filtration. After removal of the solvent by evaporation,

the residue was purified by column chromatography on

silica gel with a dichloromethane/hexane (9/1) mixture.

Recrystallization from ethanol gave the final compound;

yield 0.37 g (51%). 1H NMR (400 MHz, solvent CDCl3,

standard TMS) dH/ppm: 8.18 (d, 1H, Ar–H, J58.8 Hz),

7.71 (d, 2H, Ar–H, J58.3 Hz), 7.66 (d, 2H, Ar–H,

J58.8 Hz), 7.62 (d, 2H, Ar–H, J58.8 Hz), 7.51–7.48 (m,

4H, Ar–H), 7.29–7.27 (m, 4H, Ar–H), 7.23–7.20 (m, 2H,

Ar–H), 6.95 (d, 2H, Ar–H, J58.8 Hz), 6.88 (dd, 1H, Ar–

H, J52.4, 8.8 Hz), 6.66 (d, 1H, Ar–H, J52.4 Hz), 4.04 (t,

2H, Ar–OCH2–, J56.6 Hz), 3.97 (t, 2H, Ar–OCH2–,

J56.6 Hz), 2.66 (t, 2H, Ar–CH2–, J57.8 Hz), 2.63 (t, 2H,

–OCOCH2–, J57.6 Hz), 1.85–1.24 (m, 28H, aliphatic),

0.90 (t, 6H, –CH3, J56.3 Hz). IR (KBr) nmax/cm21: 2928,

2856, 2227, 1756, 1732, 1611, 1259, 1125.

2.2. Physical properties

The initial assignments and corresponding transition

temperatures for the final product and its mixtures were

determined by thermal optical microscopy using a

polarizing optical microscope (Olympus BX-51)

equipped with a temperature control unit (Japan High

Tech LK-600PM). The heating and cooling rates were

0.1uC min21. Temperatures and enthalpies of transition

for the final product and the intermediate compounds

were investigated by differential scanning calorimetry

(DSC) using a Seiko DSC 6200 calorimeter. Heating

and cooling rates were 5uC min21, after encapsulation in

aluminium pans. The helical pitch in the N* phase was

1040 A. Yoshizawa et al.
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measured by the Cano wedge technique for a chiral

nematic mixture consisting of each host nematic liquid-

crystalline material and 2 wt % of a chiral additive.

3. Results and discussion

3.1. Synthesis

We designed a new liquid crystal oligomer, 4-

(4-cyanophenyl)phenyl 4-octyloxy-2-{7-{4-[4-(4-hexyl-

phenyl)-2,3-difluorophenyl]phenyloxy}heptanoyloxy}

benzoate (1), the molecular structure of which is shown

in figure 1. Compound 1 was prepared by the synthesis

outlined in scheme 1. Purification of the final product

was carried out using column chromatography over

silica gel with a dichloromethane/hexane (9/1) mixture

as the eluent, followed by the recrystallization from

ethanol. The structure was elucidated using IR and 1H

NMR measurements.

3.2. Phase transition properties

Temperatures and enthalpies of transition for com-

pound 1 were I 150uC (2.1 kJ mol-1) N –12.6uC glass on

cooling and the melting temperature was 71uC.

Compound 1 exhibited a wide temperature range of

the nematic phase in spite of being far from a rod-like

structure. Although we have not determined the real

molecular structure in the N phase, a l–shaped

structure is probably favoured on the basis of the more

elongated shape, which is more compatible with a

nematic phase than a T-shaped structure.

3.3. Miscibility studies

We investigated transition behaviour of binary mixtures

of compound 1 and a chiral smectic liquid crystal

(S811). The molecular structure and transition tem-

peratures of S811 are shown in figure 2. S811 is a

conventional rod-like chiral liquid crystal with moder-

ate twisting power.

Figure 3 shows the binary phase diagram between

S811 and compound 1. For mixtures containing 30–

60 wt % of S811, blue phases were found to be induced.

In a mixture of S811 (40 wt %) and compound 1 (60 wt

%), a platelet texture with various colours appeared at

70.2uC, and then it changed to a typical N* texture at

65.1uC. The platelet texture without fine strips (fig-

ure 4a) is characteristic of BPII, therefore we assigned

the blue phase as BPII. On heating, the N* phase

changed to BPII reversibly. In a mixture of S811 (45 wt

%) and compound 1 (55 wt %), a blue colour of low

birefringence appeared at 65.7uC. The blue colour phase

was clearly observed in uncovered regions of the

mixture. The blue phase showed fluidity and did not

appear as platelets. These observations indicate that the

phase is amorphous BPIII. The blue colour changed to

a platelet texture at 65.0uC, which is attributed to a

phase transition from amorphous BPIII to cubic

BPII. On further cooling, the BPII changed to an N*

phase at 56.6uC. The temperature range of the blue

phases was over 9 K in the mixture. On heating, the N*

phase changed to BPIII at 63.5uC, and then it changed

to liquid at 65.7uC. The BPII was not observed on

heating. In a mixture of S811 (50 wt %) and compound

1 (50 wt %), isotropic liquid changed to BPIII at

49.3uC. The blue colour texture at 42.0uC is shown in

figure 4b. The BPIII changed to an N* phase at

41.2uC. The BPIII–N* phase transition is reversible;

however, the BPIII and N* phase are both

monotropic.

For comparison, we then investigated the effects of

monomeric molecules, i.e. compounds 2 and 3, on

stabilizing the blue phases. The molecular structures

and transition temperatures of the compounds are

shown in figure 5.

Figure 6a shows the binary phase diagram between

S811 and compound 2. For mixtures containing 30–

40 wt % of S811, the cubic BPII was found to be

induced. In a mixture of S811 (30 wt %) and compound

2 (70 wt %), a platelet texture appeared from the liquid

at 102.2uC. The BPII changed to an N* phase at 97.6uC.

On further cooling, a filament texture characteristic to a

twist grain boundary (TGBA) phase appeared at 64.0uC
and then it changed to a SmA phase at 62.7uC. BPII and

TGBA phases were found to be induced in the binary

system; however, BPIII was not observed.Figure 1. Molecular structure of compound 1.

Stabilizing blue phases 1041
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Figure 6b shows the binary phase diagram between

S811 and compound 3. A blue phase was not observed

in the binary system. With respect to stability of an N*

phase in a binary system between S811 and each host

material, there is marked difference between compound

1 and the corresponding monomeric compounds. In the

binary system of S811 and compound 1, the N* phase

appeared in the mixtures containing at least above 30 wt

% of compound 1. On the other hand, in the binary

system of S811 and compound 2, and in that of S811

and compound 3, the N* phase appeared in the

mixtures containing above 60 wt % of each monomeric

compound. These results indicate that the l–shaped

structure of compound 1 destabilizes formation of the

smectic layer structures.

3.4. Pitch measurements

We investigated twisting power induced by S811 in each
host nematic materials. We observed helical pitch at TI-N*

25uC in the N* phase for a mixture consisting of each

host compounds and 2 wt % of S811. The helical pitch

value for compound 1 was 2 mm. The pitch values for

compounds 2 and 3 were 5 mm and 7 mm, respectively.

Significant host-dependency can be seen for the helical

pitches. The oligomer 1 that stabilizes both cubic BP and

amorphous BPIII has the shortest pitch among them. The

Scheme 1. Synthesis of compound 1.
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nonlinear shape of compound 1 is thought to induce the

short pitch as compared to compounds 2 and 3.

3.5. Stabilizing the blue phases

The cubic BPII was observed in binary mixtures of S811

and compound 1, and in those of S811 and compound

2, indicating that the 1,4-bisphenyl-2,3-difluorobenzene

group contributes to the appearance of the cubic BP.

Amorphous BPIII was induced only in binary mixtures

of S811 and compound 1. The l–shaped structure of

compound 1 is thought to play an important role in

stabilizing BPIII, which is consistent with T-shaped

chiral compound stabilizing the BPIII [13].

Theoretical studies have demonstrated that the blue

phases can be stabilized by the increase of chirality [16–

Figure 3. (a) Phase diagram between S811 and compound 1
on cooling. The dotted line indicates melting temperatures. (b)
The expansion of the region where the blue phases are present.
(I5 isotropic liquid; N5 nematic phase; N*5 chiral nematic
phase; BPII5 cubic blue phase II; BPIII5 amorphous blue
phase III, SmA5 smectic A phase; m.p.5 melting point).

Figure 2. Molecular structure and transition temperatures
(uC) of S811.

(a)

(b)

Figure 4. (a) Photomicrograph of the cubic BPII at 67uC in a
mixture consisting of 40wt % of S811 and 60wt % of
compound 1, and (b) photomicrograph of the BPIII at 42uC
in a mixture consisting of 50wt % of S811 and 50wt % of
compound 1.

Figure 5. Molecular structures and transition temperatures
(uC) for the corresponding monomeric compounds.
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18] and/or the decrease of the surface elastic constant

[19]. Recently, Alexander and Yeomans reported that

the region of stability of the cubic blue phases is reduced

when the bend elastic constant is larger than splay and

when twist is smaller than the other two [20]. Therefore,

induction of cubic BP and amorphous BPIII in binary

mixtures of S811 and compound 1 can result from: (i)

the stronger chiral interaction between the chiral

additive and the fluorine-containing host molecule;

and (ii) the smaller bend elastic constant due to the l–

shaped structure of the host molecule, which decreases

the free energy around the defects.

4. Conclusions

We prepared a novel liquid crystal oligomer in which
two nematic liquid crystals are organized in a single

molecule and found that the liquid crystal oligomer

shows a wide temperature range of a nematic phase.

The cubic BPII and amorphous BPIII were found to be

induced in binary mixtures of the liquid crystal oligomer

and a chiral smectic liquid crystal, and the temperature

range of the blue phases was more than 9 K. The present

finding could result in a new approach for the
stabilization of blue phases.
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