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The phase behaviour of a homologous series of thermotropic cubic mesogens of 1,2-bis(4’-n-alkoxybenzoyl)hy-
drazines (BABH-n, where n is the number of carbon atoms in both terminal alkoxy chains, ranging from n¼ 11
to n¼ 18) was studied under hydrostatic pressure using a polarising optical microscope (POM) equipped with a
high-pressure optical cell. Pressure-temperature phase diagrams were constructed for all the samples. All of the
samples showed the crystal (Cr)–cubic (Cub)–isotropic liquid (I) phase sequence under atmospheric and lower
pressures, but the Cub phase was replaced completely by a high-pressure smectic C (SmC) phase; SmC(hp), under
higher pressures. There is an intermediate-pressure region as a boundary in which the Cr–SmC(hp)–Cub–I phase
sequence was recognised. The SmC(hp)–Cub transition lines showed positive slopes with pressure and shifted to
higher pressures with increasing alkoxy chain length in BABH-n. What should noted here is the inversion of
the Cub and SmC phases in the phase sequence, in comparison to those (Cr–Cub–SmC–I) for BABH-8 and -10.
In BABH-14, -16 and -18, a solid state with a featureless texture and stronger intensities of transmitted POM light
appeared just below the SmC(hp) phase on cooling under intermediate and high pressures. This phenomenon is not
due to the formation of a monotropic Cub phase but is an induction period for spherulitic crystallisation from the
SmC(hp) phase.

Keywords: thermotropic cubic mesogen; high-pressure smectic C phase; pressure-temperature phase diagram;

inversed phase sequence between cubic and smectic C phases

1. Introduction

1,2-bis(4’-n-alkoxybenzoyl)hydrazine (BABH-n, where

n indicates the number of carbon atoms in the alkoxy

group) is known as one of classical thermotropic cubic
mesogens. BABH-n molecules are composed of a rigid

aromatic core at the centre and flexible aliphatic chains

at the ends of the molecules. The chemical structure of

BABH-n is:

As reported by Schubert et al. [1] and Demus et al.

[2], BABH-8, -9 and -10 having octyloxy, nonyloxy

and decyloxy groups, respectively, exhibit an unusual

phase sequence of crystal (Cr)–cubic (Cub)–smectic C

(SmC)–isotropic liquid (I), in contrast to the usual

phase sequence of Cr–SmC–Cub–I of many cubic

mesogens showing Cub and SmC phases [3–10].

BABH-8 has the Ia3d cubic structure, which consists

of two pairs of 3�3 interpenetrating networks [11–13].

Two of the authors extended the previous work and

revealed the phase behaviour from n¼ 5 to n¼ 22; the

alkoxy chain members other than n¼ 8,10 show the

Cr–Cub–I phase sequence under atmospheric pressure
[14–16]. The BABH-n system exhibits two types of

Cub phases, Ia3d and Im3m, i.e. BABH-6,BABH-

12 and BABH-17,BABH-22 take the Ia3d type,

and BABH-14 exhibits the Im3m type. BABH-13, -15

and -16 have both types.

The authors reported the pressure–temperature

(P–T) phase diagrams of BABH-8 [17] and -10 [18],

and, although partly incomplete, the phase diagrams

of BABH-11 and -12 [19] using mainly a high-pressure
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differential thermal analyser. In BABH-8 and -10, the

Cr–Ia3d-Cub and SmC–I transition lines show typi-

cally positive slopes (dT/dP) with pressure, while the

Ia3d-Cub–SmC transition line exhibits a negative

slope. Accordingly, a triple point appears at a rela-

tively low pressure in which the Cr, Ia3d-Cub and

SmC phases meet. Their triple points are reported to
be about 32 and 11 MPa for BABH-8 and -10, respec-

tively, indicating the upper limit of pressure for the

formation of the Cub phase. On the other hand,

BABH-11 and -12 show the Cr–Ia3d-Cub–I phase

sequence under atmospheric and lower pressures

below 10–11 MPa and 16–17 MPa, respectively,

beyond which the Cub phase is replaced completely

by a high-pressure SmC phase (SmC(hp)). In this case
the SmC phase is a high-pressure phase because the

phase goes back to the Cub phase when pressure is

released to atmospheric pressure. Unfortunately the

Cub–SmC(hp) transition lines are not determined yet

in the phase diagrams of BABH-11 and -12, only the

maximum pressure for the Cub phase has been

deduced [19].

We reported recently the inversion of the phase
sequence between the Cub and SmC phases in the

homologous BABH-8 and -14 compounds, in which

the SmC(hp)–Cub transition for BABH-14 appears in

the intermediate-pressure region [20]. This finding

urged us to investigate extensively the phase behaviour

of other BABH-n compounds under hydrostatic

pressure.

2. Experimental

The phase transition behaviour under pressure for

BABH-11, -12, -16 and -18 was studied by using a
polarising optical microscope (POM). The phase

behaviour of BABH-8, -10 and -14 have already been

reported [18, 20] and the results are included herein.

All of the samples used in this study were prepared as

described elsewhere [14–16]. The morphological

observation was performed using an Olympus BX51

POM equipped with a high-pressure optical system

[21]. The high-pressure system uses a silicone oil with
a low-viscosity (10 centistokes) (TSF 451-10, Toshiba

Silicone Co., Tokyo, Japan) as the pressure medium

and the system can apply hydrostatic pressure up

to 200 MPa. The high-pressure hot stage has a pair

of sapphire optical windows at the top and bottom

centres of the steel cell. The Cub and I phases

at atmospheric pressure are observed usually as a

black field of view under crossed polarisers, but the
phases at hydrostatic pressures can be seen brightly

under parallel polarisers. Accordingly the textures of

the Cub and I phases could be observed distinctively

under pressures. Intensity (I) of the transmitted POM

light was measured using a Mettler FP-90 photomo-

nitor connected with the FP90 central processor. The

I–temperature (T) curve is useful in determining a

transition point because it enables a discontinuous

change of intensity to be exhibited at each phase tran-

sition. The texture observation and intensity measure-

ment of transmitted POM light were performed
simultaneously both on heating and cooling at a scan-

ning rate of about 1–2oC min-1 under pressures up to

120 MPa.

3. Results

3.1 BABH-8 and BABH-10

BABH-8 and -10 showed the unusual phase sequence

of Cr–Ia3d-Cub–SmC–I under atmospheric pressure
compared with the usual phase sequence of

Cr–SmC–Cub–I for many other cubic mesogens

[3–10]. Figure 1 shows the P–T phase diagrams of

BABH-8 and -10 constructed on heating, which were

reported previously [17, 18, 20]. Both compounds

show the Ia3d-Cub–SmC transition lines of negative

slopes (dT/dP ,0) with pressure in their diagrams and

thus, the triple points appear at the relatively low
pressures of about 24 and 10 MPa for BABH-8 and -

10, respectively, indicating the upper limit of pressure

for the formation of the Cub phase. The triple points

determined by the POM method were more accurate

than those measured by high-pressure differential

thermal analysis (DTA) at high scanning rates such

as 5–10oC min-1.

3.2 BABH-11 and BABH-12

BABH-11 and -12 are known to take the Ia3d-type

cubic structure [14–16]. Applying pressure on the Cub

phases of BABH-11 and -12 induces the formation of

the SmC(hp) phase [19]. In order to complete the P–T

phase diagrams, the phase behaviours of BABH-11

and -12 were reinvestigated, especially in the boundary

regions.
Figure 2 shows the I–T curves of BABH-11 at three

pressures of 1, 3 and 12 MPa, respectively. The I–T

curve on heating at 1 MPa shows three steps from the

room-temperature crystal (Cr2) to the isotropic liquid

(I). By simultaneous texture observation, the first

and second steps were due to the crystal (Cr2)–crystal

(Cr1) and the successive Cr1–Ia3d-Cub transitions,

respectively. The reversible phase transition at 1 MPa
was recognised as Cr2–Cr1–Ia3d-Cub–I, in which the

phase sequence is the same as one observed at atmo-

spheric pressure. Spherulitic crystallisation occurred

smoothly from the Cub phase in the low-pressure

region. At 3 MPa, the I–T curve on heating showed

464 Y. Maeda et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



the same three-step pattern as that observed at 1 MPa.

The subsequent cooling, however, exhibited a strange
behaviour as shown in Figure 2(b): the intensity

decreased first at the isotropisation point and then was

held for a while on cooling, but the intensity increased

again to the level of the I phase. The subsequent heating

showed a high level of intensity for the isotropic liquid

in the whole temperature region. Figure 3 shows the

change in texture of the sample on cooling at 3 MPa.

The texture (Figure 3(b)) at 157oC shows the growing
spheres of the SmC phase born from the isotropic liquid

(Figure 3(a)) and the spheres were coalesced to the con-

tinuous texture (Figure 3(c)) of the SmC phase at 155oC,

which indicates the growth of a thread-like texture.

Then, the thread-like texture changed suddenly to the

featureless one (Figure 3(d)) of an optically isotrophic

phase at 152oC. The textural change in Figure 3 indi-

cates the formation and growth of the SmC phase,

followed by the transformation to the Ia3d-type Cub

phase. At that time the SmC–Ia3d-Cub transition

points were scattered remarkably, depending upon the

cooling condition and pressure. The SmC phase

appeared only on cooling under pressures between 3
and 7 MPa. On subsequent heating, the Cub phase was

transformed directly to the isotropic liquid.
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Figure 1. Pressure–temperature phase diagrams of (a) BABH-
8 and (b) BABH-10 constructed on heating (reproduced from
[17, 18, 20]).
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Figure 2. Intensity–temperature curves of BABH-11 at
(a) 1 MPa, (b) 3 MPa and (c) 12 MPa.
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Accordingly the phase sequence at 3 MPa was recog-

nised as I–SmC–Cub–Cr1 on cooling, but Cr1–Cub–I

on heating, respectively. Next the SmC phase just

formed was annealed at temperatures below the isotro-

pisation point to estimate phase stability. The SmC

phase was formed rapidly from the isotropic liquid,
but the phase was transformed into the Cub phase

after annealing for 10 min. Since the SmC phase is not

stable, it can be understood as an unstable phase.

Furthermore the phase behaviour observed at inter-

mediate pressures between 7 and 10 MPa led to confu-

sion. Another SmC phase, i.e., SmC(hp), began to

appear between the Cr and Cub phases, and

the Cr–SmC(hp)–Ia3d-Cub–I phase transition was
observed on heating. However, the SmC(hp) phase

was difficult to see on cooling from the isotropic liquid.

Figure 4 shows the change in texture of BABH-11 by

cooling at 9.5 MPa and then annealing at 140oC. In

Figure 4(a) a sand-like texture of the Cub phase is

exhibited at 157oC, which was formed from the isotro-

pic liquid. On cooling at 140oC, a small region with a

fine thread-like texture appeared in the Cub phase, near
the bubble on the right side in Figure 4(b). The region

with a fine thread-like texture enlarged slightly with

annealing, indicating the gradual growth of the

SmC(hp) phase. Since the growth rate of the SmC(hp)

phase was very small, the region was still small even

after annealing for 90 min, as shown in Figure 4(c).

It was suggested that the completion of the

Cub–.SmC(hp) transition took more than about 5–6
hours. On the other hand, the reversible transformation

between the cubic and SmC(hp) phases was confirmed

by the isothermal pressurising experiments at 140

and 150oC. Therefore, it was concluded that the

Cr–SmC(hp)–Cub–I phase transition is substantially

reversible in the intermediate-pressure region. Here

the two SmC phases for BABH-11 (i.e. unstable SmC

and stable SmC(hp) phases), were recognised under low

(a) (b)

(c) (d)

Figure 3. Polarising optical microscopy textures of BABH-11 on cooling at 3 MPa: (a) the isotropic liquid at 159�C; (b) the
isotropic liquid-smectic C phase transition at 157�C; (c) the smectic C phase at 155�C; (d) the cubic phase at 152�C (colour
version online).
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and intermediate pressures, respectively. The unstable

SmC phase is related to the SmC phase for BABH-8
and -10 because this phase exists at the high tempera-

ture side of the cubic phase [17, 18]. On the other hand,

the SmC(hp) phase appears at the low temperature side

of the Cub phase in the intermediate-pressure region.

Returning to Figure 2, the I–T curve in Figure 2(c)

shows a three-step pattern of Cr–SmC(hp)–I phase

sequence under high pressures. The SmC(hp) phase

appears reversibly as only one mesophase between
the Cr1 form and the I phase. The SmC(hp) phase

was seen commonly in BABH-12, -14, -16 and -18

and is described below.

Figure 5 shows the P–T phase diagrams of BABH-

11 constructed on heating and cooling. The phase

behaviour is divided into three pressure regions, i.e.,

the low-pressure region below 7 MPa, the intermedi-

ate-pressure region, and the high-pressure region
above about 10 MPa. In Figure 5(a), two triple points

can be seen. One is 7 MPa and 138oC, at which the Cr1,

SmC(hp) and Ia3d-type Cub phases meet. The other

is 10 MPa and 165oC, at which the SmC(hp), Ia3d-

type Cub and I phases meet. These indicate the lower

and higher limits of pressure for the formation of

the SmC(hp) and Cub phases, respectively. The

SmC(hp)–Ia3d-Cub transition line connecting the
two triple points has a positive and steep slope with

pressure. The phase sequences of BABH-11 in the low-,

intermediate- and high-pressure regions were recog-

nised as Cr–Ia3d-Cub–I, Cr–SmC(hp)–Ia3d-Cub–I,

and Cr–SmC(hp)–I, respectively.

The high-pressure DTA study showed that BABH-

12 has almost the same behaviour as that of BABH-11

[19]. This conclusion has not been substantially chan-
ged by the present refinement, but analysis of the I–T

curves allowed us to divide clearly the behaviour into

three pressure regions, i.e., the low-pressure region

below 5 MPa, the intermediate-pressure region, and

the high-pressure region above 10 MPa. The only

difference in BABH-12 is that there was no recogni-

tion of the unstable SmC phase as observed for

BABH-11. BABH-12 also showed a kinetically asym-
metrical behaviour of the SmC(hp)–Ia3d-Cub transi-

tion in the intermediate-pressure region: the SmC(hp)

to Ia3d-Cub transformation was observed usually on

heating, but the reverse (Ia3d-Cub to SmC(hp)) was

too slow to be observed. The cooling process induced

the supercooling of the Ia3d-Cub phase until crystal-

lisation occurred. The SmC(hp) phase could be con-

firmed by annealing on the way to cooling.
On the other hand, the SmC(hp) phase in the high-

pressure region was formed rapidly from the isotropic

liquid. Many small spheres of the SmC(hp) phase were

formed sporadically in the isotropic liquid at 23 MPa

and then the spheres were coalesced rapidly to form

the continuous texture. Then the SmC(hp) phase

transformed into the crystalline phase on further cool-

ing. The P–T phase diagram of BABH-12 constructed
on heating is shown in Figure 6. Two triple points can

be seen. One is 5 MPa and 131oC, at which the Cr,

(a)

(b)

(c)

Figure 4. Change in texture of the cubic phase of BABH-11
by cooling at 9.5 MPa and then annealing at 140�C: (a) the
cubic phase at 157�C; (b) the coexistant cubic and high-
pressure smectic C phases at 140�C; (c) the coexistant cubic
and high-pressure smectic C phases annealed at 140�C for
90 min (colour version online).
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SmC(hp) and Ia3d-Cub phases meet. The other is 10

MPa and 160oC, at which the SmC(hp), Ia3d-Cub and

I phases meet. The SmC(hp)–Ia3d-Cub transition line

has a positive and steep slope with pressure, as seen in

the case of BABH-11.

3.3 BABH-14

BABH-14 takes the Im3m-type cubic structure under

atmospheric pressure [16]. The phase behaviour of

BABH-14 under pressure was reported recently [20].

The P–T phase diagrams constructed on heating and

cooling are reproduced in Figure 7; the phase beha-
viour is divided into three pressure regions of the low-,

intermediate- and high-pressure regions. In the P–T

phase diagram on heating, one can see two triple

points. One is 15 MPa and 133oC, at which the Cr,

SmC(hp) and Im3m-Cub phases meet. The other is 36
MPa and 163oC, at which the SmC(hp), Im3m-Cub

and I phases meet. The two triple points indicate the

lower and higher limits of pressure for the formation

of the SmC(hp) and Cub phases, respectively. The

SmC(hp)–Cub transition line has a positive and gentle

slope with pressure.

The I–Cub–SmC(hp) transition occured on cool-

ing in the intermediate-pressure region. On further
cooling, a strange solid state often appeared below

the SmC(hp) phase, in which the intensity of trans-

mitted light increased to high levels comparable to

those of the Cub and I phases [20]. Then the crystalline

textures were grown slowly at lower temperatures. At

first this phenomenon was thought to be a phase tran-

sition between the SmC(hp) and monotropic Cub

phases; however, this phase was not a Cub phase but
a solid state before spherulitic crystallisation. An X-

ray diffraction analysis did not show the formation of

a Cub phase, but often exhibited spot-like patterns

similar to those of single crystals. This might be the

appearance of an induction period before spherulitic

crystallisation from the SmC(hp) phase in the inter-

mediate- and high-pressure regions. Such a kinetic

phenomenon was commonly seen for the homologous
BABH-16 and -18 with longer alkoxy chains. An X-

ray structural analysis on phase behaviour for the Cub

phases will be presented shortly.

3.4 BABH-16

BABH-16 has two types of cubic structures, i.e., Im3m

and Ia3d, in the lower and higher temperature regions,

respectively, at atmospheric pressure [16]. Unfortunately
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Figure 5. Pressure–temperature phase diagrams of BABH-
11 constructed on (a) heating and (b) cooling.

100 120 140 160 180 200
0

10

20

30

40

T/°C

P/
M

Pa

Cr SmC(hp) I

Ia3d-Cub

(a)  heating

Figure 6. Pressure–temperature phase diagram of BABH-
12 constructed on heating.
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the Cub phases cannot be discriminated by POM experi-

ments. So we temporally handled the phase behaviour as

one Cub phase between the Cr and I phases. Figure 8

shows three I–T curves of BABH-16 at 10, 42 and 69
MPa. Similarly the phase behaviour is divided into three

pressure regions, the low-pressure region below 28 MPa,

the intermediate-pressure region, and the high-pressure

region above about 47 MPa. The I–T curves shown in

Figure 8 are representatives of phase behaviour in

each pressure region. The I–T curve in Figure 8(a)

shows simply the Cr–Cub–I phase sequence in the

low-pressure region. The I–T curve in Figure 8(b)
exhibits the Cr–SmC(hp)–Cub–I phase sequence in

the intermediate-pressure region on heating, but the

I–Cub–SmC(hp)–solid–Cr phase sequence was recog-

nised on cooling. Figure 9 shows the corresponding

textural change recorded on cooling at 42 MPa. The

isotropic liquid (168oC) (Figure 9(a)) was clear and

uniform and then changed to the sand-like texture of

the Cub phase (163oC) (Figure 9(b)). Then, dark

brown lumps with a very fine thread-like texture for
the SmC(hp) phase (155oC) (Figure 9(c)) were born
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Figure 7. Pressure–temperature phase diagrams of BABH-
14 constructed on (a) heating and (b) cooling.
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Liquid Crystals 469

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



sporadically in the matrix of the Cub phase, and then

the SmC(hp) phase (154oC) covered the whole area

(Figure 9(d)). On further cooling, the dark thread-

like texture suddenly changed to a relatively bright

solid (147oC) (Figure 9(e)), and finally changed to the

texture of spherulitic crystals (140oC) (Figure 9(f)).
Figure 9(e) shows a solid state before the spherulitic

crystallisation of BABH-16. It was recognised that the

solid state exhibits an initial stage of crystallisation

from the SmC(hp) phase. Such a phenomenon often

occurred on cooling from the SmC(hp) phase in other

BABH-n compounds under elevated pressures.

Figure 10 shows the P–T phase diagrams of BABH-

16 constructed on heating and cooling. In the phase

diagram on heating, two triple points are observed at 28

MPa and 140oC for the Cr, SmC(hp) and Cub phases,
and at 47 MPa and 161oC for the SmC(hp), Cub and I

phases, which indicate the lower and upper limits of

pressure for the formation of the SmC(hp) and Cub

phases, respectively. The SmC(hp)–Cub transition line

showed a positive and gentle slope with pressure. Both

the phase diagrams are generally similar to those of

BABH-14, except for the SmC(hp)–Cub transition

line shifting to a higher pressure.

(a) (b)

(c) (d)

(e) (f)

Figure 9. Textures of BABH-16 on cooling at 42 MPa: (a) isotropic liquid at 168�C; (b) the cubic phase at 163�C; (c) the cubic-
high-pressure smectic C transition at 155�C; (d) the high-pressure smectic C phase at 154�C; (e) the initial stage of crystallisation
at 147�C; (f) the crystalline phase at 140�C (colour version online).
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3.5 BABH-18

BABH-18 has the Ia3d-type cubic structure and shows

the Cr–Ia3d-Cub–I phase transition under atmo-

spheric pressure [16]. The phase behaviour of BABH-

18 under pressure is generally similar to that of
BABH-14 and -16. Figure 11 shows the P–T phase

diagrams of BABH-18 constructed on heating and

cooling. The phase behaviour is divided into three

pressure regions; the low-pressure region below

about 57 MPa, the intermediate-pressure region, and

the high-pressure region above about 70 MPa, respec-

tively. The Cr–SmC(hp)–Cub–I phase sequence was

recognised in a relatively narrow intermediate-pres-

sure region. The intermediate-pressure region was

determined by the SmC(hp)–Cub transition line
having a positive and very gentle slope with pres-

sure. There are two triple points. One is 57 MPa

and 151oC, at which the Cr, SmC(hp) and Cub

phases meet, indicating the lower limit of pressure

for the formation of the SmC(hp) phase. The other

is 70 MPa and 162oC, at which the SmC(hp), Cub

and I phases meet. The solid state region, indicat-

ing an initial stage of crystallisation, was observed
at temperatures just below the SmC(hp) phase

under intermediate- and high-pressures, as shown

in Figure 11(b).
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Figure 10. Pressure–temperature phase diagrams of
BABH-16 constructed on (a) heating and (b) cooling.
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Figure 11. Pressure–temperature phase diagrams of
BABH-18 constructed on (a) heating and (b) cooling.
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3.6 Phase transition sequence of BABH-n

Table 1 lists the phase sequence, the slope of the

SmC(hp)–Cub transition, and the triple points for the

homologous BABH-n compounds ranging from n¼ 8
to n¼ 18. The slope of the Cub–SmC transition chan-

ged from negative to positive between BABH-10 and -

11, indicating the occurrence of the inversion between

the Cub and SmC phases. Then the positive slope of the

SmC(hp)–Cub transition decreased from 10 to about

1oC MPa-1 with increasing alkoxy chain length from

n¼ 11 to n¼ 18. Figure 12 shows the three-dimensional

(P,T,n) plot of the triple points for the BABH-n com-
pounds. The triple point for the Cub phase shows a fold

at around n¼ 11, and then increased linearly by 8.85

MPa methylene unit-1 with increasing n in BABH-

11–BABH-18. This exhibits the entropy effect of the

longer alkoxy chains at the molecular ends.

4. Discussion

In the BABH-n compounds with longer alkyl chains

of n�11, the SmC(hp) phase appears at the low-

temperature side of the Cub phase under intermediate

pressures and also exists as a stable mesophase in the

high-pressure region. The unusual phase sequence

(Cr–Ia3d-Cub–SmC–I) for BABH-8 and -10 at atmo-

spheric and low pressures changes to the usual one of
Cr–SmC(hp)–Cub–I for BABH-n (n�11) under

intermediate pressures. The experimental results in this

study demonstrated that the inversion of the phase

sequence between the Cub and SmC phases is induced
by applying pressure to the homologous series of

BABH-n compounds. This phenomenon can be

explained well by Saito and Sorai’s [22–25] ‘alkyl chain

as entropy-reservoir’ mechanism. One of the authors

(S.K.) also explained qualitatively the role of the
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Figure 12. Three-dimensional (P,T,n) plot of the triple
points for the homologous BABH-n compounds ranging
from n¼ 8 to n¼ 18.

Table 1. Phase behaviour of a homologous series of BABH-n compounds ranging from n¼ 8 to n¼ 18 under pressure.

Phase sequence

P / MPa

Pressure region BABH-8 BABH-10 BABH-11 BABH-12 BABH-14 BABH-16 BABH-18

Low-pressure Cr –Cub–SmC–I - - - - - - - - - - - - - - - - - - - - - - - - - - Cr –Cub–I - - - - - - - - - - - - - - - - - - - -

0–24 0–10 0–3 0–5 0–15 0–28 0–57

Cr–Cub I

SmC

3–7

Intermediate-

pressure

- - - - - - - - - - - - - - - - - - - - - - Cr–SmC(hp)–Cub–I- - - - - - - - - - - - - - - – - -

7–10 5–10 15–36 28–47 57–70

High-pressure Cr–SmC–I - - - - - - - - - - - - - - - - - - - - - - Cr–SmC(hp)–1- - - - - - - - - - - - - - - – - - - - -

.24 .10 .10 .10 .36 .47 .70

Cub–SmC or

SmC(hp)–Cub

transitions

slope (�C/MPa)

-0.5 -1.3 þ10.1 þ5.8 þ1.5 þ1.1 þ1.0

Triple point

I Pt / MPa 7 5 15 28 57

Tt / �C 138 131 133 140 151

II Pt / MPa 24 10 10 10 36 47 70

Tt / �C 144 144 165 160 163 161 162

Note: Triple points I and II indicate the lower and upper limits of pressure for the formation of the SmC(hp) and cubic phases, respectively.
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molecular motions of the core and alkyl chains [16].

Based on a thermodynamic analysis of the entropy of
transition between the Cub and SmC phases, Saito and

Sorai [22–25] addressed the contribution of the two

parts to the entropy of transition: one is the aromatic

core at the centre and the other is the alkoxy chains at

the molecular ends. They contribute oppositely to the

entropy of transition. When the effect of the alkoxy

chains becomes larger than that of the aromatic core

by applying pressure, the phase inversion between the
Cub and SmC phases occurs towards the usual

SmC!Cub phase sequence. Figure 13 explains the dif-

ferent contributions to the entropy of transition for

BABH-n compounds with shorter and longer alkoxy

chains. This competition accounts for the inversion of

the phase sequence in BABH-8 and -10 (Cub!SmC)

and BABH-11,18 (SmC(hp)!Cub). An increase of

entropy for the SmC(hp)–Cub transition is due to the
radical molecular motion of the longer alkoxy chains at

the molecular ends, which contribute to the enrichment

of stability for the Cub phase of the BABH-n.

The phase behaviour for the Ia3d and Im3m types

of cubic structures is left unresolved in this study, even

though it is a very intriguing scientific theme. The

X-ray structural analysis of the Cub and SmC(hp)

phases for the homologous BABH-n compounds
under pressure has now been undertaken and will be

published in the near future.
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Figure 13. A schematic showing the different contributions
of the core and alkoxy chain parts to the entropy of smectic
C–cubic transition for BABH-n compounds with shorter and
longer alkoxy chains. This is a basic idea for explaining the
inversion of phase sequence between the cubic and smectic C
phases.
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