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The thermal behaviour of members of a homologous series which exhibits the optically
isotropic cubic phase, the 4∞-n-alkoxy-3∞-nitrobiphenyl-4-carboxylic acids having alkoxy chains
containing 16, 20 and 22 carbon atoms (referred to as ANBC-16, -20 and -22, respectively)
was investigated under pressures up to 200–400 MPa by high pressure differential thermal
analysis. In the phase diagram of ANBC-16 obtained on heating, a triple point was estimated
at 54±1 MPa and 205±1°C for the SmC, Cub and SmA phases. It was found that the X
phase is formed on cooling under all pressures, while appearing on heating at high pressures
above about 54 MPa. Thus the X phase appears monotropically between the SmA and Cub
phases in the low pressure region and enantiotropically between the SmA and SmC phases
under higher pressures. It is strongly suggested that the X phase is a columnar mesophase.
For ANBC-20 and -22, the cubic phase tends to be destabilized with increasing pressure. The
temperature region of the cubic phase of ANBC-20 becomes narrower with increasing pressure
and a triple point for the SmC, Cub and I phases is estimated to be at about 309 MPa. On
the other hand, the cubic phase of ANBC-22 is still observed at the highest pressure examined.

1. Introduction The thermotropic cubic phase shown by the ANBC-n
In 1957 Gray et al. [1] reported the synthesis of a homologues is one of the most fascinating phases in the

homologous series of mesomorphic 4∞-n-alkoxy-3∞-nitro- field of liquid crystalline systems in that some types of
biphenyl-4-carboxylic acids, ANBC-n, where n is the rod-like molecules form an optically isotropic structure
number of carbon atoms in the alkoxy chain (see in a temperature range sandwiched by other anisotropic
structure below). The polymorphism of the hexadecyloxy phases with lamellar, hexagonal, or columnar structures
and octadecyloxy derivatives was investigated by Demus [6]. The stability of the cubic phase for the ANBC-n
et al. [2]. They found a new optically isotropic meso- series is strongly dependent upon the length n of the
phase, which was classified as the smectic D phase, alkoxy groups, as shown in figure 1. The ANBC-n homo-
between the smectic C (SmC) phase and the smectic A

logues show the cubic phase for n�15 (and up to 26 at
(SmA) or isotropic (I) phases. Since then, increasing

present) and over a temperature region which becomes
attention has focused on the structure and thermal

broader, essentially, with increasing n [5].stability of this phase [3–5] which is now called the cubic
In the solid and liquid crystalline phases, most of thephase because a layered smectic structure is inconsistent

ANBC-16 molecules are dimerized via intermolecularwith the observed optical isotropic properties.
hydrogen bonds [7, 8], and thus the structural unit is
the dimerized molecule that has an extended core of
coupled nitrobiphenylcarboxylic acids at its centre and
two terminal alkoxy chains. Tardieu and Billard [9]
identified the space group Ia3d for the cubic phase of
ANBC-16, and showed that the unit cell contains about
1000 molecules of ANBC-16. They adopted the inter-
woven jointed-rod model, which was first postulated for*Author for correspondence; e-mail: yoji.maeda@aist.go.jp
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158 Y. Maeda et al.

lengths, ANBC-16, -20, and -22, under hydrostatic
pressures up to 200–400MPa by high pressure DTA
measurements.

2. Experimental
2.1. Sample preparation

The ANBC-n compounds were prepared according to
the method described by Gray et al. [1]. Samples were
recrystallized from ethanol several times and the purity
was confirmed by infrared (IR), 1H NMR, and mass
spectroscopies (MS), and by elemental analysis.

2.2. DSC measurements
The ANBC-n compounds were characterized by

differential scanning calorimetry (DSC) and polarizing
optical microscopy (POM) under atmospheric pressure.
Thermal characterization was performed on a Perkin-
Elmer DSC-7 and Seiko Instruments SSC-5000 calori-
meters at a scanning rate of 5°C min−1 under N2 gas flow.
Temperatures and heats of transition were calibratedFigure 1. Phase behaviour as a function of the number of
using the standard materials, namely, indium and tin.carbon atoms n in the alkoxy group for the ANBC-n

series. Cr, crystal; SmC/A, smectic C/A; Cub, cubic; Transition temperatures were determined as the onset
I1 , ‘structured liquid’; I2 , isotropic liquid. of the transition peaks, i.e. the temperature at which

the tangential line of the inflection point of the rising
part of the peak intersects the extrapolated baseline.

the lyotropic Ia3d cubic phases by Luzzati and Spegt [10].
By contrast, the I1–I2 transition point was assigned as

The model has been supported by other researchers
the peak temperature because the I1–I2 transition over-

using X-ray diffraction (XRD) [11, 12], NMR spectro-
laps with the peak associated with either the SmA–I1scopic [13], and dynamic viscoelastic techniques [14].
transition for ANBC-16 or the Cubic–I1 transition for

Precise calorimetric measurements were also carried out,
ANBC-20 and -22.

providing reliable thermodynamic quantities for the
phase transitions involving cubic phases [15–18].

2.3. DTA measurements under pressureShankar Rao et al. constructed an interesting T vs. P
The high pressure DTA apparatus used in this studyphase diagram of ANBC-16 using transmitted light

is described elsewhere [21]. The DTA system wasintensity measurements on cooling under pressure [19]:
operated between room temperature and 250°C underthe cubic phase disappears at about 40MPa, while a
hydrostatic pressures up to 500MPa. Dimethylsiliconecolumnar (Col) phase is formed between the SmA and
oil with a medium viscosity (100 cSt) was used as theSmC (or Cub) phases over the whole pressure region
pressurizing medium. The sample weighing about 4mgstudied. We also studied the thermal behaviour of
was put in the sample cell and coated with epoxyANBC-16 using high pressure differential thermal analysis
adhesives, both to fix the sample in the cell and also to(DTA) and determined the T vs. P phase diagram on
prevent direct contact with the silicone oil. The DTAheating; this exhibits a triple point indicating the upper
runs were performed at a constant scanning rate oflimit for the cubic phase [20]. The T vs. P phase
5°C min−1 under various pressures. Transition temper-diagram is clearly different from the phase diagram
atures were determined in the same manner as in thereported by Shankar-Rao et al. and particularly with
DSC analysis. Since ANBC-n compounds were of lowrespect to the triple point. This difference in T vs. P
stability, a virgin sample was used for each DTAphase diagrams prompted us to investigate the thermal
measurement.behaviour of a homologous series of ANBC-n com-

pounds under hydrostatic pressure, with particular focus
on the effect of pressure on the phase stability of the 3. Results and discussion

3.1. ANBC-16cubic phase.
In this paper, we present the experimental results The thermal characterization of ANBC-16 and ANBC-18

has already been reported; the transition sequence isof the thermal behaviour of a homologous series of
ANBC-n compounds having different alkoxy chain Cr<SmC<Cub<SmA< I1< I2 for ANBC-16 and
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159High pressure DTA studies of ANBC-n series

Cr<SmC<Cub< I1< I2 for ANBC-18 at atmo- as much as possible. Figure 3 shows the DTA heating
and subsequent cooling curves of ANBC-16 at 27MPa.spheric pressure [2–5]. The I1–I2 transition is assigned

to the dissociation of hydrogen-bonded dimers between As reported in the preceding paper [20], the Cr1�
SmC�Cub�SmA� I1 transition sequence was con-the terminal carboxylic acid groups [5–7]. It is reported

that a monotropic mesophase often appears between the firmed on heating at 27MPa. On cooling the significant
drift in the baseline was observed as an undulation,SmA and Cub phases on slow cooling [3, 19], and this

has been suggested to be either a tetragonal [12] or a but none the less small transition peaks can be seen on
the DTA curve. We see three small exothermic peaks,columnar phase [22]. Figure 2 shows the DSC heating

and cooling curves of ANBC-16 at a scanning rate of attributable to the SmA�X, X�Cub, and Cub�SmC
transitions, in order of decreasing temperature. The large5°C min−1. As already reported, a very metastable meso-

phase is observed monotropically over a small temper- peak and finally a small peak at the lowest temperatures
were assigned to SmC�Cr1 and Cr1�Cr4 transitions,ature interval of 1–2°C between the SmA and Cub phases

on cooling. Thus the transition sequence is I2� I1� respectively. The temperature range of the SmA phase
was considerably broader on cooling than on heating.SmA�monotropic mesophase�Cub�SmC�Cr1 on

cooling. Thus, the transition sequence I1�SmA�X�Cub�
SmC�Cr1�Cr4 was detected on cooling at 27MPa.We re-examined the thermal behaviour of ANBC-16

on heating and subsequent cooling under hydrostatic It is noted that the X phase appears monotropically
between the SmA and Cub phases under low pressurespressures up to 150MPa using DTA, to examine the

behaviour under various pressures, of the unknown X and so the phase is metastable.
Figure 4 shows the DTA heating and subsequentphase which appears on heating under high pressure

above about 60MPa [20]. If the transition behaviour cooling curves of ANBC-16 at 100MPa. As reported
earlier, the transition sequence Cr4�Cr1�SmC�X�under pressure is measured continuously from atmo-

spheric to high pressures, it can be understood as a SmA� I1 is observed on heating. The X phase appears
in place of the cubic phase in the high pressure region.function of pressure. However, it was difficult to obtain

clear DTA curves for ANBC-16 on cooling from the I2 The subsequent cooling curve exhibits completely the
reverse process. Hence it can be said that the X phasephase under pressure because the DTA baseline drifted

significantly in the cooling process, and especially at low appears enantiotropically between the SmA and SmC
phases at 100MPa.pressures. Another difficulty was due to the sample itself

because the I2� I1 transition often occurs incompletely In the phase diagram constructed on heating, the
temperature region of the optically isotropic cubic phaseon cooling and this is shown in repeated DSC measure-

ments of the sample. Thus we performed the DTA becomes narrower with increasing pressure, and dis-
appears at high pressures above about 60MPa. Wecooling measurements of ANBC-16 by cooling from a

temperature in the I1 phase, in order to reduce the dis- understood that the phase sequence on heating changes
from SmC�Cub�SmA� I1 at atmospheric pressuresociation of the dimerized molecules (i.e. I1–I2 transition)
to SmC�X�SmA� I1 in the high pressure region,

Figure 2. DSC curves of ANBC-16 at a scanning rate of Figure 3. DTA heating and cooling curves of ANBC-16 at
27 MPa. Scanning rate: 5°C min−1.5°C min−1.
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160 Y. Maeda et al.

Focusing on the phase behaviour of the cubic and X
phases on heating, the Cub–SmA transition line in the
low pressure region below 40MPa is a little displaced
from the X–SmA transition line in the high pressure
region above 55MPa, and there is a boundary region
over 40–70MPa between the two phase regions, as
shown by the dotted vertical lines in figure 5. Strictly
speaking, the structural behaviour is still not clear in
the boundary region. In the preceding paper we reported
the triple point (65MPa and 207.6°C) for the X, Cub
and SmA phases, which was obtained by linear extra-
polation of the SmC–Cub and Cub (or X)–SmA transition
curves. In this study, the triple point was reevaluated to
be at 54±1MPa and at 205±1°C for the SmC, Cub

Figure 4. DTA heating and cooling curves of ANBC-16 at and SmA phases.
100 MPa. Scanning rate: 5°C min−1.

The transition curves obtained on heating and cooling
can be expressed approximately as first or second order

via SmC� (X)�Cub�SmA� I1 in the low pressure polynomials in terms of pressure as follows:
region. The X phase was supposed to appear between

Heating mode
the SmC and Cub phases in the low pressure region

0!P!40MPa
although the SmC–X transition could not be observed SmC�Cub T=172.9+0.5910Pclearly on heating. This supposition is in contradiction, Cub�SmA T=195.0+0.2585P
however, with the experimental data. Hence we now

55!P!100MPa
consider the transition sequence to involve the X phase

SmC�X T=172.8+0.1794Pin the low pressure region; the SmC�Cub�SmA� I1 X�SmA T=191.6+0.2486Psequence is held at pressures up to 54MPa.
Whole pressure rangeFigure 5 shows the T vs. P phase diagram for

Cr1�SmC transition T=125.9+0.3502P−2.774×10−4 P2
ANBC-16 obtained both on heating [20] and cooling.

SmA� I. T=198.4+0.2482P

Cooling mode
0!P!70MPa

X�Cub T=183.8−0.1763P
Cub�SmC T=168.3+0.0275P

Whole pressure range
I.�SmA T=197.3+0.1971P
SmA�X T=187.6+0.0297P
SmC�Cr1 T=103.7+0.3758P

An important feature of the phase diagram con-
structed in the cooling mode is the appearance of the X
phase over the whole pressure region. The enantiotropic
X phase between the SmA and SmC phases has a
temperature width of about 20° in the high pressure
region, while the temperature range of the monotropic
X phase decreases with decreasing pressure, due to the
appearance of the cubic phase. It should be noted that
the X�Cub transition line has a strong negative slope
(dT /dPV−17°C/100MPa) with pressure, while all the
other transition lines have positive slopes, as already
reported by Shankar Rao et al. [19]. Furthermore,
figure 5 suggests the strong possibility that the mono-

Figure 5. T vs. P phase diagrams of ANBC-16 constructed tropic X phase may appear at atmospheric pressure, as
on cooling and heating. Thin solid lines and filled symbols

deduced by extrapolating both the SmA–X and X–Cubare for the T vs. P diagram constructed on cooling, while
transition lines to the ordinate. This possibility is sup-dotted, bold lines and open symbols are for the phase

diagram obtained on heating. ported by the appearance of a monotropic mesophase
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161High pressure DTA studies of ANBC-n series

on cooling at atmospheric pressure, as shown in figure 2. sequences for ANBC-20 and -22 on heating are
Cr–SmC–Cub(Im3m)–I1–I2 and Cr–SmC–Cub(Im3m)–Thus the X phase corresponds to the monotropic meso-

phase having either a columnar or tetragonal structure Cub(Ia3d)–I1–I2 , respectively. It is interesting to study
the effect of pressure on the thermal behaviour of theseas previously reported [3, 12, 19, 22]. The T vs. P phase

diagram made on cooling is similar to the phase diagram compounds because they have cubic phases with different
space groups.reported by Shankar-Rao et al., although the transition

curves are considerably different: the Col–Cub boundary Figure 7 shows the DTA heating curves of ANBC-20
in the pressure region up to 200MPa. All the endo-showed a negative slope, (dT /dP)1atm=−10.9°C/100MPa,

and also a triple point appeared at about 40MPa for thermic peaks associated with the transitions low-
temperature crystal form (Cr2 )�high temperature onethe Col, Cub and SmC phases. In figure 5, the X–Cub

transition line has a strong negative slope and merges (Cr1), Cr1�SmC, SmC�Cub, and Cub�I1 were clearly
detected at pressures up to 100MPa. The SmC–Cubwith the Cub–SmC transition line at about 70MPa,

leading to a triple point for the X, Cub and SmC phases. transition peak became very small at 150 and 200MPa.
Compared with ANBC-16, the destabilization of theWe should note, however, that the monotropic X phase

is not thermodynamically stable. cubic phase in ANBC-20 occurs slowly with increasing
pressure. Figure 8 shows the T vs. P phase diagram of
ANBC-20 in the pressure region up to 300MPa. The3.2. ANBC-20 and -22

Figure 6 shows the DSC heating curves of ANBC-20 transition curves for ANBC-20 constructed on heating can
be expressed approximately as first order polynomialsand -22. Both samples exhibit the transition sequence

Cr�SmC�Cub�I1�I2 [4, 5]. The DSC curves show in terms of pressure as follows:
a main peak associated with the Cr–SmC transition,

Whole pressure range
two smaller peaks corresponding to the SmC–Cub and

Cr2�Cr1 transition T=78.7+0.1004PCub–I1 transitions at higher temperatures, and finally
Cr1�SmC T=112.3+0.2805Pa broad peak associated with the I1–I2 transition.
SmC�Cub T=149.4+0.3383PTransition temperatures and associated enthalpy changes
Cub� I1 T=192.5+0.1986Pare listed in the table. According to XRD [23–25], the

cubic structure for ANBC-16 belongs to the Ia3d space Figure 8 suggests that the SmC–Cub transition line with
the higher slope (dT /dP=33.8°C/100MPa) will mergegroup, while that for ANBC-20 belongs to the Im3m

space group. ANBC-22 has two types of cubic structure with the Cub–I1 transition line at high pressure. The
triple point for the SmC, Cub(Im3m) and I1 phases iswith the Im3m and Ia3d space groups. Unfortunately

the Cub(Im3m)–Cub(Ia3d) transition is too small to be expected to be at 309MPa and 254°C.
detected by the conventional DSC technique. Recently
the transition was detected using a high precision adiabatic
calorimeter by Saito et al. [26]. Thus the actual transition

Figure 7. DTA heating curves of ANBC-20 under variousFigure 6. DSC heating curves of ANBC-20 and -22 at a
heating rate of 5°C min−1 : (a) ANBC-20, (b) ANBC-22. pressures. Heating rate: 5°C min−1.
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162 Y. Maeda et al.

Table. Thermodynamic quantities associated with the phase transitions on heating for a homologous series of ANBC-n compounds
with n=16, 20 and 22 at atmospheric pressure. Upper figure is temperature (°C); lower figures is enthalpy (kJ mol−1 ).

Sample Cr4–Cr3 Cr3–Cr2 Cr2–Cr1 Cr1–SmC SmC–Cub Cub–SmA SmA–I1

ANBC-16
47.5 74.5 89.4 125.0 174.5 197.9 198.8
0.6 2.3 0.2 38.6 0.5 1.5 0.9

Cub–X X–SmA
cooling 86.7 165.6 179.9 182.8 193.9

32.3 0.4 0.75 0.7

ANBC-20
76.9 108.8 145.5 192.6
6.9 44.7 1.3 2.7

ANBC-22
97.2 133.6 190.8
29.5 0.6 1.2

Figure 9. DTA heating curves of ANBC-22 under various
pressures. Heating rate: 5°C min−1.

Figure 8. T vs. P phase diagram of ANBC-20 constructed on the main peak associated with the Cr–SmC transition
heating. splits into a double peak at high pressures above

160 MPa. This phenomenon indicates the formation
of a pressure-induced crystalline polymorph, denoted
here as Cri . The Cr�Cri�SmC�Cub� I1 transitionAs we have noted, ANBC-22 has two kinds of cubic

phases with Im3m and Ia3d space groups in the low and sequence was observed in the high pressure region up
to 400MPa. Figure 10 shows the T vs. P phase diagramhigh temperature regions, respectively [23–25]. The

thermal behaviour of ANBC-22 was measured under of ANBC-22 in the pressure range up to 400MPa. It
is noted that the change in slope of the SmC–Cubhydrostatic pressures up to 400MPa. Figure 9 shows

the DTA heating curves of ANBC-22 in the pressure transition line occurs at about 160MPa and at the same
time the Cri polymorph appears between the Cr andregion up to 260MPa. ANBC-22 apparently showed the

same transition sequence Cr�SmC�Cub� I1� I2 as SmC phases. The cubic phase remains at 400MPa. The
transition curves can be expressed approximately as firstANBC-20 because the Cub(Im2m)–Cub(Ia3d) transition

could not be observed at any pressure. On the other hand, order polynomials of pressure as follows.
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163High pressure DTA studies of ANBC-n series

Concerning the highly metastable X phase seen for
ANBC-16, it was confirmed that this appears mono-
tropically between the SmA and Cub phases in the low
pressure region below 54MPa, and enantiotropically
between the SmA and SmC phases in the high pressure
region. The transition sequence for ANBC-16 is, in the
low pressure region below 54MPa,

Cr1,) SmC ,) Cubic CCA SmA ,) I1 ,) I29
X
;

and in the high pressure region,

Cr1 ,) SmC ,) X ,) SmA ,) I1 ,) I2

The monotropic X phase in the low pressure region
appears to be related to the mesophase observed between
the SmA and Cub phases on cooling at atmospheric
pressure, and is suggested to be either a columnar [21]
or a tetragonal phase [12]. The structure of the X phase
is not clear, but very recently has been found to exhibit
a plate-like fan texture or a sanded texture similar to

Figure 10. T vs. P phase diagram of ANBC-22 constructed that of the SmC phase under pressure, and shows a
on heating. spot-like WAXD pattern, suggesting it is not a layered

structure [27]. Thus there is a strong suggestion that
0!P!c. 160MPa the X phase is a columnar hexagonal phase.

Cr�SmC transition T=101.0+0.2362P The transition sequence Cr1<SmC<Cub< I1< I2SmC�Cub T=137.5+0.3281P is common to both ANBC-20 and -22 over a wide
pressure region. For ANBC-20 the cubic phase is expectedc. 160MPa<P
to disappear at about 309MPa, while for ANBC-22 theCr�Cri T=118.4+0.1423P cubic phase remains, even at 400MPa. Structural investi-Cri�SmC T=112.1+0.1896P gations are needed to obtain a better understanding ofSmC�Cub T=156.1+0.2099P the cubic phase under pressure; those are now in progress

Whole pressure range in our research group.
Cub� I1 T=193.1+0.1829P

The cubic phase is destabilized with increasing pressure
We would like to express sincere thanks to Prof.

but this destabilization is stopped in the high pressure
Shinichi Yano of Gifu University for encouraging this

region up to 400MPa. The change in slope of the
research. S.K. acknowledges financial support of the

SmC–Cub transition line may indicate that the low
Ministry of Education, Science, Sports, Culture, and

temperature cubic phase disappears at about 160MPa
Technology in Japan (Grant-in-Aid for Scientific Research

while the other cubic phase remains in the high pressure
on Priority Areas (A), No. 413/13031037 and 14045232

region. Unfortunately we can not further discuss the phase
and Grant-in-Aid 14550846).

stability of the cubic phases because the Cub(Im3m)–
Cub(Ia3d) transition could not be detected in this study.
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