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Abstract

The phase behavior of an optically isotropic cubic mesogen 4’-n-hexadecyloxy-3’-nitrobiphenyl-
4-carboxylic acid (ANBC-16) was investigated under hydrostatic pressures up to 200 MPa using a
high-pressure DTA, a polarizing optical microscope equipped with a high-pressure hot-stage and a
wide-angle X-ray diffractometer equipped with a high-pressure vessel. In the 7' vs. P phase diagram
constructed in the heating mode, a triple point exists at 54+1 MPa and 205+1°C for the SmC, cubic,
and SmA phases. A new mesophase, denoted here as X, appears in place of the cubic phase under
pressures above about 60 MPa, while the X phase appears on cooling in the whole pressure region
studied. Thus the X phase is a monotropic (metastable) phase between the SmA and Cub phases in
the low pressure region, while being an enantiotropic phase between the SmA and SmC phases in
the high pressure range. The X phase exhibits broken-fan or sand-like textures under pressure and a
spot-like diffraction pattern, indicating the birefringent feature and no layered structure. It is sug-
gested that the X phase is tetragonal or hexagonal columnar phase.

Keywords: ANBC-16, high-pressure DTA, pressure-induced mesophase, thermotropic cubic
mesogen, triple point, 7' vs. P phase diagram

Introduction

Thermotropic cubic mesogens have been attracting considerable scientific interests
because they are optically isotropic. In 1957, a homologous series of mesomorphic
4’-p-alkoxy-3’-nitrobiphenyl-4-carboxylic acids, ANBC-n, where 7 is the number of
carbon atoms in the alkoxy chain, was synthesized by Gray et al. [1]. Demus et al. [2]
gave evidence for the thermotropic cubic mesophase of the ANBC-16 and ANBC-18.
ANBC-n homologues is one of the most fascinating phases in the liquid crystalline
systems in that some types of rod-like molecules form an optically isotropic structure
in a temperature range sandwiched by other anisotropic phases with lamellar, hexag-
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onal, or columnar structures [3, 4]. The stability of the cubic phase for the ANBC-n
series is strongly dependent upon the length n of the alkoxy groups. The ANBC-n
homologues show the cubic phase for n>15 (and up to 26 at present) and over a tem-
perature range which becomes broader, essentially, with increasing n [5]. ANBC-16
exhibits substantially the crystal (Cr) — smectic C (SmC) — cubic (Cub) —
smectic A (SmA) — isotropic liquid (I) transition sequence under atmospheric pres-
sure. In the solid and liquid crystalline phases, most of the ANBC-16 molecules are
dimerized via intermolecular hydrogen bonds [6, 7], and thus the structural unit is the
dimerized molecule that has an extended core of coupled nitrobiphenylcarboxylic ac-
ids at its center and two terminal alkoxy chains.

Ci6H3:0 }—( P—< >/_0C16H33
OH:---

Tardieu and Billard [8] identified the space group la3d for the cubic phase of
ANBC-16, and showed that the unit cell contains more than 1000 molecules of
ANBC-16. They adopted the interwoven jointed-rod model, which was first postu-
lated for the lyotropic /a3d cubic phases by Luzzati and Spegt [9].

High-pressure investigation of the phase behavior of materials helps us to
understand the structure-property relationship of crystalline and mesophase polymorphs
[10, 11]. Shankar Rao et al. reported the interesting 7 vs. P phase diagram of ANBC-16
constructed by the measurements of transmitted light intensity on cooling under pressure
[12]: the cubic phase disappears at about 40 MPa, while a columnar (Col) phase is
formed between the SmA and SmC (or Cub in the low pressure region) phases under
high pressures. The authors also studied the transition behavior of ANBC-16 using a
high-pressure DTA and determined the 7 vs. P phase diagram on heating; this exhibits a
triple point for the SmC, Cub and SmA phases [13]. The resulting phase diagram exhibits
the disappearance of the cubic phase at about 65 MPa and the appearance of a new phase
(X), in place of the cubic phase, between the SmC and SmA phases in the high pressure
region. There is a significant difference in the two phase diagrams; their triple point is for
the SmC, Cub and Col phases, and its phase diagram has the Cub—Col transition line with
a negative slope (d7/dP), while no such transition line having a negative slope is in our
diagram. The discrepancy of phase behavior and triple point of ANBC-16 encouraged us
to reinvestigate the thermal behavior and in-situ observations of the texture and structure
of ANBC-16 under hydrostatic pressure, especially focused on the phase behavior of the
X phase. Recently the authors presented the analytical results of the thermal behavior and
morphological texture of ANBC-16 under pressure and explained the discrepancy in the
two phase diagrams [14, 15].

In this paper we review the experimental results on the phase transition of
ANBC-16 measured using a high-pressure differential thermal analyzer (DTA), a po-
larizing optical microscope (POM) equipped with a high-pressure optical cell, and a
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wide-angle X-ray diffraction apparatus equipped with a high-pressure vessel under
hydrostatic pressures up to 200 MPa.

Experimental

Sample preparation

ANBC-16 was prepared according to the method by Gray ef al. [1]. Samples were
recrystallized from ethanol several times and the purity was confirmed by infrared
(IR), "H NMR, mass spectroscopy (MS), and elemental analysis.

DTA measurements under pressure

The high pressure DTA apparatus used in this study is described elsewhere [16]. The
DTA system was operated in a temperature range between room temperature
and 250°C under hydrostatic pressure up to 200 MPa. Dimethylsilicone oil with a
medium viscosity (100 cSt) was used as the pressurizing medium. The sample weigh-
ing about 4 mg was put in the DTA sample cell and coated with epoxy adhesives, in
order to fix the sample to the bottom of the cell and also to prevent direct contact with
the silicone oil. The DTA runs were performed at a constant scan rate of 5°C min '
under various pressures. Transition temperatures were determined in the same man-
ner as in the DSC analysis.

Polarized optical microscope measurements under pressure

Texture of ANBC-16 was observed using a Leitz Orthoplan polarizing optical micro-
scope (POM) equipped with either a Mettler FP-82 hot stage or a high-pressure opti-
cal cell which is described precisely elsewhere [17]. Figure 1 shows the photograph
of the total view of the high-pressure optical cell set on the stage of the optical micro-
scope. Pressure and temperature were monitored simultaneously during the morpho-
logical observation. Two routes of procedure were adopted for the texture observa-

Fig. 1 Photograph of the polarizing optical microscope equipped with a high-pressure
optical cell system
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tion under hydrostatic pressure. Route one is an isobaric process: cooling and heating
processes at 65 MPa, in which the X phase appears in place of the cubic phase be-
tween the SmC and SmA phases. Route two is an isothermal process at 185°C, which
starts from the cubic phase at 5 MPa to the X phase at 65 MPa or more high pressure.

Wide-angle X-ray diffraction measurements under pressure

The high-pressure wide-angle X-ray diffraction (WAXD) apparatus used in this
study is described elsewhere [16]. The high-pressure vessel was set on the wide-an-
gle goniometer of 12 kW rotating anode X-ray generator (Rotaflex RU-200, Rigaku,
Co.). The pressure vessel consists of a beryllium spindle as a sample cell, sandwiched
between the upper and lower heater blocks. Dimethylsilicone oil of low viscosity
(10 cSt) was used as the pressure medium. Sample was inserted into the vertical hole
of the beryllium spindle. The beryllium spindle was mechanically sealed by the upper
and lower heater blocks and then the sample was pressurized hydrostatically at pres-
sures up to 200 MPa. Ni-filtered CuK, X-ray was irradiated to the sample and the
X-ray reflections were detected on the equatorial line using a curved PSPC detector
(PSPC-30, Rigaku Co. Ltd). Each pattern was taken by counting a period of time for
200-300 s. Also the diffraction patterns were obtained using an imaging plate detec-
tor (BAS-IP 127x127 mm, Fuji Photo Film Co., Ltd.).

Results and discussion

Figure 2 shows the DSC curves of ANBC-16 at a scanning rate of 5°C min'. The
heating curve exhibits three small endothermic peaks of the Cry—Cr;, Cr;—Cr, and
Cr,—Cr transitions at 47.5, 74.5 and 89.4°C, a major peak of the Cr;—SmC transition
at 124.9°C, a small peak of the SmC—Cub transition at 175.1°C, double peaks of the
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Fig. 2 DSC heating and cooling curves of ANBC-16. Scanning rate: 5°C min™" (from
[15], reproduced by permission of Taylor & Francis, Ltd.)
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Cub—SmA and SmA-I, transitions at 197.9 and 198.8°C, and finally a broad peak of
the ‘ordered’ isotropic liquid (I;)—isotropic liquid (I,) transition at 203.1°C. The I,—I,
transition is assigned to the dissociation of hydrogen-bonded dimers to the genuine
isotropic liquid of isolated ANBC-16 molecules [6, 7]. As already reported, a very
metastable mesophase is observed monotropically over a small temperature interval
of 1-2°C between the SmA and Cub phases on cooling. The appearance of the
metastable phase is related closely with the X phase observed under elevated pres-
sures, which will be described in the later section. The reliable thermodynamic quan-
tities associated with the phase transitions of ANBC-n homologues were measured

Fig. 3 POM photographs of a — SmC phase at 150°C and b — the texture associated

with the SmC—Cub transition at 179°C at atmospheric pressure (from [13],
reproduced by permission of Taylor & Francis, Ltd.)

by the precise calorimetric measurements [18-21]. Figure 3 shows the typical texture
of (a) the SmC phase at 150°C, and (b) the texture associated with the SmC—Cub
transition at 179°C, in which the black, isotropic area of the cubic phase have quite
distinctive shapes—squares, rectangles and rhombic. These growing portions eventu-
ally coalesce to give a totally black field of an optically isotropic field.

Thermal behavior of ANBC-16 under pressure

Figure 4 shows the DTA heating curves of ANBC-16 in the pressure range up
to 200 MPa. The DTA curves at low pressures correspond well with the DSC heating
curve shown in Fig. 2, indicating the Crs—Cr;—Cr,—Cr—SmC—Cub—SmA-I,-I; transi-
tion sequence. The stable temperature region of the cubic phase decreases with in-
creasing pressure. Then the small peak of the SmC—Cub transition disappears, while
a new endothermic peak appears at a lower temperature under high pressures. This
phenomenon indicates that a new mesophase, denoted here as X, appears in place of
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Fig. 4 DTA heating curves of ANBC-16 under various pressures (from [13],
reproduced by permission of Taylor & Francis, Ltd.)

the cubic phase between the SmC and SmA phases under high pressures. The transi-
tion sequence on heating at high pressure can be described as

Cr4—Cr1—SmC—X—SmA—I 1—12.

The T vs. P phase diagram of ANBC-16 constructed in the heating mode is shown
in Fig. 5. There are several interesting features in the phase diagram. Firstly, the cubic
phase disappears under elevated pressures above about 60 MPa. At the same time,
secondly, the X phase in place of the cubic phase is formed between the SmC and SmA
phases at higher pressures. The X phase corresponds to the columnar phase noted by
Shankar Rao et al., only in the high pressure region, but the X phase cannot be detected
in the pressure range between 0.1 and 60 MPa. Third, the T vs. P phase diagram in
Fig. 5 shows a boundary region between the low and high pressure regions, as shown
by the dotted lines. Shankar et al. reported the 7' vs. P phase diagram constructed in the
cooling mode by an optical method [12]. In their phase diagram the columnar phase
exists between the cubic and SmA phases in the low pressure region. There is a
substantial difference of triple point in the two phase diagrams: their triple point is for
the SmC, Cub and Col phases, while the triple point here is for the SmC, Cub, and SmA
phases. Their Cub—Col transition line has a negative slope (d7/dP) with pressure, while
the phase diagram (Fig. 5) has no transition line with a negative slope. So the thermal
behavior of ANBC-16 was reexamined on heating and subsequent cooling processes
under pressures up to 150 MPa, to analyze the phase behavior of the X phase and to
compare the results with the Shankar et al.’s phase diagram.
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The DTA heating curve at 27 MPa shows the same behavior as shown in Fig. 4,
indicating the Crs—Cr;—(Cr,)—Cr;—SmC—Cub—SmA-I,—I, transition sequence. On the
subsequent cooling from the I, phase, however, four small exothermic peaks, attrib-
utable to the [;—>SmA, SmA—X, X[ Cub, and CublJ SmC transitions in the order of
decreasing temperature, were slightly observed in the high temperature region. Ac-
cordingly the transition sequence I,—SmA—X—Cub—SmC—Cr—Cry is recognized on
cooling at 27 MPa. The additional X phase between the peaks of the SmA—X and
X—Cub transitions was observed on cooling at other low pressures. Accordingly the
X phase appears monotropically and so it is metastable. Figure 6 shows the DTA
heating and subsequent cooling curves of ANBC-16 at 100 MPa. As reported before,
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Fig. 5 T vs. P phase diagram of ANBC-16 constructed in the heating mode (from [15],
reproduced by permission of Taylor & Francis, Ltd.)
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Fig. 6 DTA heating and cooling curves of ANBC-16 at 100 MPa (from [15],
reproduced by permission of Taylor & Francis, Ltd.)

J. Therm. Anal. Cal., 76, 2004



360 MAEDA, KUTSUMIZU: THERMOTROPIC CUBIC MESOGEN

the X phase appears reversibly in place of the cubic phase at high pressures, indicat-
ing the Cry—Cri—SmC-X-SmA-I;—I, transition sequence. The X phase appears
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Fig. 7 T vs. P phase diagrams of ANBC-16 constructed in the cooling mode. The 7 vs. P
phase diagram by Shankar Rao et al. are drawn as dotted curves for comparison

enantiotropically at 100 MPa. Figure 7 shows the 7 vs. P phase diagram for
ANBC-16 constructed in the cooling mode. The transition curves can be approxi-
mated as first order polynomials in terms of pressure. An important feature of the
T vs. P phase diagram constructed in the cooling mode is the appearance of the
X phase in the whole pressure region. Combining with the phase diagram in Fig. 5,
the X phase is found to be enantiotropic under pressures above about 60 MPa, while
it is monotropic under lower pressures. The enantiotropic X phase in the high-pres-
sure region has a temperature width of about 20°, while the temperature range of the
monotropic X phase at low pressures below 60 MPa becomes narrow with decreasing
pressure, due to the appearance of the cubic phase. The X—Cub transition line has a
negative slope (d7/dP=-17°C/100MPa), while all the other transition lines have pos-
itive slopes. The monotropic X phase has a possibility of appearing under atmo-
spheric pressure, as suggested by the extrapolation of the SmA—X and X—Cub transi-
tion lines to the ordinate. This possibility is supported by the appearance of a mono-
tropic mesophase on the DSC cooling curve, as shown in Fig. 2. As is shown by the
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dotted curves for the Shankar ez al.’s phase diagram, the 7 vs. P phase diagram con-
structed in the cooling mode is similar to their phase diagram [12], although the tran-
sition points and the transition curves are considerably drifted. So the X phase in this
study is the same one as their Col phase. The X—Cub transition line crosses over the
Cub—SmC transition line at about 65 MPa, leading to a triple point for the SmC, Cub
and X(Col) phases. It should be noted, however, that the monotropic X phase is not
thermodynamically stable.

Table 1 Thermodynamic quantities associated with the phase transitions of ANBC-16

Phase transition T/°C K JArf([)/l’] 7 m(ﬁis'yK*] (d7/dP)1aim Cm3A rz/ol’]
Cri—»>SmC 398.2 38.6 96.9 0.350, 33.9
SmC—Cub 447.7 0.5 1.1 0.591, 0.65
Cub—>SmA 471.1 1.5 32 0.2585 0.8
SmA—I, 472.0 0.9 1.9 0.248, 0.5

The AV value of each transition was calculated using the Clausius—Clapeyron equation
dT/dP=AVIAS=TAV/IAH

The thermodynamic quantities associated with the phase transitions of ANBC-16
are listed in Table 1. Since all of the transition enthalpies and slopes (d7/dP) of the transi-
tions are positive, all the AV values of the transitions calculated using the
Clausius—Clapeyron equation are positive. The positive sign for the SmC—Cub transition
suggests that the molar volume for the cubic phase is larger than that of the SmC phase.
In fact, the experimental fact of the volume change of ANBC-22 supports this suggestion
[22]. It is noted that the transition entropy and the transition volume for the SmC—Cub
transition are only 1-2% of the total transition entropies and volumes.

Morphological and structural characterization of ANBC-16 under pressure

The same morphological features of ANBC-16 as those observed at atmospheric
pressure were recognized under pressures up to 40 MPa, although the cubic and iso-
tropic liquid phases show the dark brown, not black, field of view under hydrostatic
pressure. The SmC—Cub transition is recognized clearly under pressure because the
dark brown field of view for the cubic phase changes into the birefringent texture of
the SmC phases. It is intriguing to study the morphological and structural character-
ization of the X phase under pressure. Figure 8 displays the POM photographs of the
texture of ANBC-16 on cooling from the isotropic liquid at 65 MPa. The focal conic
texture of the SmA phase appears in the isotropic liquid at 200°C, Fig. 8a, and the
texture grows in the whole field of view at 199°C, Fig. 8b. On cooling, the change in
texture is observed at 195°C, Fig. 8c, indicating the breaking of the focal conic fan
texture. Then the broken-fan texture for the X phase is observed at 190°C, Fig. 8d,
and the texture is maintained in the SmC phase at 135°C, Fig. 8e. The texture of the
SmC phase, quite similar to those for the X phase, is observed until the crystallization
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Fig. 8 POM photographs of the textures of ANBC-16 on cooling from the isotropic
liquid at 65 MPa: a — the SmA phase growing in the dark field of the isotropic
liquid at 200°C; b — focal conic texture for the SmA phase at 199°C;
¢ — breaking of the focal conic texture during the SmA—X transition at 195°C;

d — plate-like broken-fan texture for the X phase at 190°C; e — broken-fan
texture for the SmC phase at 135°C; and f — crystallization at 121°C (from [14],
reproduced by permission of Taylor & Francis, Ltd.)

occurs at 121°C, Fig. 8f. The morphological observation was performed consecu-
tively on the subsequent heating from 100°C at 65 MPa. The crystal spherulites are
observed at temperatures up to ca. 140°C. After the Cr;—SmC transition, the sand-like
texture of the SmC phase is observed at temperatures up to about 185°C. The
sand-like texture is maintained at 195°C beyond the SmC—X transition at 190°C, but
the brightness changes abruptly. On further heating at 201°C, the texture shows
partly the focal conic texture, characteristic of the SmA phase. Here it is noted that
the optically isotropic cubic phase no longer appears on cooling and heating
at 65 MPa. The morphological features for the X phase are clearly different from the
cubic phase: the X phase is birefringent, similar to the SmC phase, while the cubic
phase shows the optically isotropic, dark field of view. The texture of the X phase is
clearly different from the rod-like batonnets or the mosaic textures for the S4 phase
reported earlier [3]. It is interesting to see how the optically isotropic, dark field for
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100 pm

Fig. 9 POM photographs of the texture of ANBC-16 on pressurizing process from 5 to
65 MPa at 185°C: a— and b — optically isotropic, dark brown field for the cubic
phase at 5 and 50 MPa; ¢ — bright islands for the X phase in the dark field at
55 MPa; d — the same as ¢ — taken after 5 min; e — bright islands coalesce to form a
homogeneous texture for the X phase at 60 MPa; f — sand-like texture for the
X phase at 65 MPa (from [14], reproduced by permission of Taylor & Francis, Ltd.)

the cubic phase changes by pressurizing process. Another POM experiment under
pressure was performed along the isothermal path. The dark brown field of view for
the cubic phase at 5 MPa, Fig. 9a, is the initial state of the pressurizing experiment
at 185°C. The dark brown field of view is held at pressures up to 50 MPa, Fig. 9b.
When pressure is raised to 55 MPa, small bright islands were formed sporadically in
the dark field of the cubic phase, Fig. 9¢c, indicating the appearance of the X phase.
The bright islands are grown for 5 min at 55 MPa, Fig. 9d, and the growth is acceler-
ated at 60 MPa, Fig. 9¢. The bright islands coalesce each other to form a homoge-
neous texture with many grain boundaries at 65 MPa, Fig. 9f. The bright sand-like
texture of the X phase at 65 MPa is very similar to that of the SmC phase. The revers-
ible change in texture was observed by decreasing pressure. The same morphological
change during the Cub—X transition was recognized at 180 and 190°C.

The X-ray investigation for the cubic phase of ANBC-16 by Diele ef al. shows
two principal features in the diffraction pattern: a diffuse ring at 0.45 nm and a small
number of sharp low angle reflections. Figure 10 shows the three WAXD patterns in
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Fig. 10 WAXD patterns of ANBC-16 in the low-angle region: a — SmC phase at 165°C
and 80 MPa; b — the X phase at 201°C and 80 MPa; ¢ — cubic phase at 185°C
and 1 atm (from [14], reproduced by permission of Taylor & Francis, Ltd.)

the low angle region of ANBC-16, measured (a) at 165°C and 80 MPa for the SmC
phase, (b) at 201°C and 80 MPa for the X phase, and (c) at 185°C and atmospheric
pressure for the cubic phase. The WAXD pattern of the X phase consists of several
strong and weak spots, similar to that for the cubic phase. The spot-like pattern re-
flects the presence of relatively large domains, suggesting no layered structure for the
X phase. The detailed analysis of the X-ray diffraction was performed by Tardieu and
Billard [8]. The suggested molecular arrangement is quite analogous to the model for
a lyotropic cubic phase proposed by Luzzati and Spegt [9]. The cubic phase of
ANBC-16 is characterized with the space group having /a3d and its unit cell contains
a large number (more than 1000) of molecules [23, 24]. On the other hand, similar
cubic phases are found in micro-phase separated systems such as lyotropic systems
and block-copolymers. In these systems, the structures of cubic phases are character-
ized by the presence of triply periodic minimal surface (TPMS, or called infinitely
periodic minimal surface, IPMS) as interface geometry [25]. The structure of the cu-
bic phase of ANBC-n and other thermotropic cubic molecules is discussed in terms
of the TPMS model.

Finally, it is emphasized that the cubic phase is destabilized with increasing
pressure and disappears under high pressures above 60 MPa. It is concluded from the
in-situ morphological and structural observations under pressure that the X phase is
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an optically anisotropic, birefringent phase and that the structure of the X phase
would be either tetragonal or hexagonal columnar phase.
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