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Abstract

The phase behavior of an optically isotropic, thermotropic cubic mesogen 4-(ethylpentoxy)-anilinebenzylideambioydylic acid was
investigated under pressures up to 300 MPa using a high-pressure differential thermal analyzer, a wide-angle X-ray diffractometer (WAXD)
and a polarizing optical microscope (POM) equipped with a high-pressure optical cell. The cubic phase was found in the whole pressure
region, although its temperature region decreased gradually with increasing pressure. The phase transition sequence, crystal (Cr)—cubic
(Cub)-isotropic liquid (I) observed at atmospheric pressure, is held under pressures, while a high-temperature crystal polymorph appears
under elevated pressures above about 160 MPa.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction investigation of the cubic phasg¢g—13]. One of the au-
thors (Y.M.) reported the interesting phase behavior of
Study on optically isotropic, thermotropic cubic mesogen ANBC(16)[8,9], ANBC(20) and ANBC(22)10], and 1,2-
started in 1957, when Gray et fl] reported the synthesis of  bis(4-n-alkyloxybenzoyl)hydrazine (BABIH] with carbon
4'-n-hexadecyloxy- and s-octadecyloxy-3nitrobiphenyl- numbern of methylene groups in the alkoxy chainz 8,
4-carboxylic acid: referred to as ANBC(16) and ANBC(18), 10-12[11-13]Junder hydrostatic pressure. ANBGQ$ hav-
respectively. Since then, a number of thermotropic cubic ing the methylene groups ofi=16-22 show generally
mesogens have now been repoiftgld The majority of these  the phase transition sequence of crystal (Cr)-smectic C
compounds are carbohydrates and polycatenar compound$SmC)—cubic (Cub)—(SmA fon=16)—isotropic liquid (1),
including several metalomesogens. The cubic phases forwhere BABH(n)s having the methylene groupsncf 8—10
ANBC(16) and ANBC(18) are known to have the structure exhibit the Cr—Cub—SmC-I transition sequence. The phase
with la3d space group. The jointed-rod model for the cubic order between the SmC and cubic phases is inversed in
phase withla3d space group, i.e. two interwoven, but un- the BABH(n) system. Th& versusP phase diagrams of
connected networks of rods linked three by thfge6], is ANBC(n) system show that the SmC—Cub transition line has
suggested. positive values for slope (dT/dP), but the phase diagrams of
Although many researches into the phase transition be-BABH(8) and BABH(10) exhibit that the Cub—SmC tran-
havior of the thermotropic cubic mesogens have been per-sition lines have negative slopes. The triple point for the
formed, there are only a few studies on the high-pressureCr, Cub and SmC phases is found at very low pressures in
BABH(8) and BABH(10), indicating the upper limit of pres-
* Corresponding author. Tel.: +81 29 861 6282; fax: +81 29 861 6282.  Sure for the cubic phase formation. Also, in the ANBC(n),
E-mail addressyoji.maeda@aist.go.jp (Y. Maeda). the cubic phase is destabilized with increasing pressure be-
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cause the temperature range decreases with increasing pre2.2. DTA measurements under pressure
sure.

On the other hand, racemic 4-(ethylpentoxy)-anilinebe-  The high-pressure DTA apparatus used in this study is
nzylidene-4-carboxylic acid, abbreviated as EPABC, shows described elsewhef&5]. The DTA system was operated in
an optically isotropic cubic phase between the crystalline a temperature region between room temperature and@50
and isotropic liquid phases. This system exhibits reversibly under hydrostatic pressures up to 300 MPa. Dimethylsilicone
a simple transition sequence of Cr—Cub-I under atmosphericoil with a medium viscosity (k 10~*m?/s) was used as the
pressurg14]. The chemical structure of EPABC is shown pressurizing medium. The sample weighing about 4 mg was
below. put in the sample cell and coated with epoxy adhesives, to fix
the sample at the bottom of the cell and also to prevent direct
contact with the silicone oil. New specimen of EPABC was
used for each DTA measurement. The DTA runs were per-
formed at a constant heating rate 6{&min—! under various
pressures. Peak temperatures were adopted as transition tem-
peratures for making the temperature versus pressure phase
diagram.

C4H9—<o —-< >—N \C

This molecule has a anilinebenzylidene group as a cen-
tral core, and ethylpentoxy group as a flexible spacer. Since2.3. Morphological and X-ray characterization under
EPABC molecule has a carboxylic acid group at a molec- pressure
ular end such as ANBC(n) system, the molecules form a
dimerized structural unitin the crystal and mesophae through  The morphological texture of the sample under hydro-
hydrogen bonding between the carboxylic acid groups of static pressure was observed using a Leitz Orthoplan POM
neighboring molecules. The dimerized molecule has the ani-equipped with a high-pressure optical cglb]. The tex-
linebenzylidene carboxylic acid dimer as a central core and ture observation was performed on heating process at 60 and
two ethylpentoxy groups as a flexible spacer. The dimerized 100 MPa.
molecule here may have a molecular shape of polycatenar The X-ray diffraction patterns of the sample under pres-
compound with a short arm at both ends. sure were obtained using the high-pressure wide-angle X-
The interesting phase behavior of the cubic phase for ray diffraction apparatufl5]. The high-pressure vessel was
ANBC(16) and BABH(8) under pressure prompted us to con- set on the wide-angle goniometer of a 12 kW rotating anode
tinue the study on phase behavior of various cubic mesogendgype of X-ray generator (Rotaflex RU200, Rigaku Co.). The
under hydrostatic pressure, particularly focused on the ef- sample was inserted into the vertical hole of the beryllium
fect of pressure on the phase stability of cubic phase. In thisspindle as the sample cell. The beryllium spindle was me-
paper, we present the experimental results of the effect of chanically compressed for pressure sealing using upper and
pressure on the thermal, morphological and structural behav-lower pressure blocks. Then the sample was pressurized hy-
ior of EPABC under hydrostatic pressures up to 300 MPa drostatically at pressures up to 200 MPa. A Ni-filtered Cu Ka
using a high-pressure DTA, a wide-angle X-ray diffractome- X-ray beam was used to irradiate the sample, and the diffrac-
ter (WAXD) and a polarizing optical microscope (POM) tion patterns were obtained using an imaging plate detector
equipped with a high-pressure optical cell. (BAS-IP 127 mmx 127 mm, Fuji Photo Film Co.).
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2.1. Sample characterization

The EPABC sample used in this study is described in else-
where[14]. Thermal characterization was performed on a
Perkin-Elmer DSC-7 differential scanning calorimeter at a
scanning rate of 5C min~! under Ny gas flow. Transition
temperature and heat of transition were calibrated using the
standard materials (indium and tin). Transition temperatures
were determined as the onset of the transition peaks at which
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the peak crosses over the extrapolated baseline. Texture ob-

servation was performed using a Leiz Orthoplan polarizing
optical microscope (POM) equipped with a Mettler hot stage
FP-82.
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Fig. 1. DSC heating and cooling curves of EPABC. Scanning rate:
5°Cmin~1.
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Iizlfmlodynamic guantities associated with the phase transitions of the EPABC cubic compound

Phase transition T(°C) AH (kJmol1) AS(IK Imol1) (dt/dP)1 atm AV (cm® mol1)

Cr— Cub 149.4 B1 36.2 0.395 14.3

Cub— | 167.8 23 53 0322 1.7

3. Results and discussion tion. This is attributed to the transition from the ‘ordered’
liquid (I11) of dimerized molecules to the isotropic liquid

3.1. Characterization under atmospheric pressure (I2) consisting of isolated molecules, already identified in

ANBC(n) [8,9]. Both EPABC and ANBC(n) molecules con-

Fig. 1 shows the DSC heating and cooling curves of tain carboxylic acid group at one end of molecule, which
EPABC sample. Two sharp peaks and a broad but small peakis able to form the intermolecular hydrogen bonding be-
can be seen reversibly in the heating and cooling processestween the neighboring molecules in the crystalline solid and
The two sharp peaks are assigned as the Cr—Cub and Cub-esophaseélable 1lists the thermodynamic quantities asso-
transitions in the order of increasing temperature. The cu- ciated with the phase transitions of the EPABC sample.
bic phase has a temperature region of aboutA broad Fig. 2 shows the POM photographs of the textures of
but small peak, shown as red arrowsHiy. 1, is observed = EPABC on heating process under atmospheric pressure. The
reversibly at a high temperature just above the Cub—I transi- crystalline texture at 30C (Fig. 2a) is maintained at tempera-

Fig. 2. POM photographs of EPABC on heating under atmospheric pressure; @)30fC; (b) Cn at 150°C; (c) Ch — Cub transition at 152C; (d) Cub
phase at 160C; and (e) isotropic liquid at 17CC.
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Fig. 4. DTA heating curves of EPABC at 32, 53, and 82 MPa. Heating rate:
5°Cmin~1.

patterns of the crystal at 2Z and the cubic phase at 155
under atmospheric pressure. Both the crystalline and cubic
phases show a spot-like pattern, indicating a single crystal-
like structure in the solid and a polydomain structure for the
cubic phase, respectively. The structural pattern of the cubic
phase is closely resembled with that for the cubic phase of
ANBC(16) with la3d space group. The values dfspacing

Fig. 3. X-ray diffraction patterns of the crystal and cubic phase under atmo- associated with the reflection peaks for both the crystal and
spheric pressure. (a) Cat 22°C and (b) Cub at 155C. cubic phase are listed ifable 2. Many spots for the cubic
phase are distributed at 22.63 (d=33.5A) and 26=2.95

tures up to about 150 (Fig. 2b). Thenthe crystalline texture  (d=29.9A), which are corresponded to the (21 1) and (220)
disappears at about 15¢ (Fig. 2c). The dark field of view reflections of the cubic structure wita3d space group.

for the cubic phase (Fig. 2d) is held continuously at high tem-

peratures up to 170C, indicating the isotropic liquid phase 3.2. Thermal behavior under pressure

(Fig. 2e). On the subsequent cooling, a bright oily fluid-like

texture appears rapidly at 166 during the I-Cub transition; The thermal behavior and phase stability of the cubic phase
andthen, the texture disappears instantaneously into the blackor EPABC was investigated under hydrostatic pressures up
field of view for the cubic phase, as already reported by Niori to 300 MPa.Fig. 4 shows the DTA heating curves of the
et al.[14]. The oily texture appears as a monotropic phase, sample at 32, 53, and 82 MPa. All the heating curves show
characteristic of a metastable phase. But the correspondinghe main peak of Cr—Cub transition and a small peak of the
thermal transition is not observed on the DSC cooling curve. Cub—} transition at high temperature, respectively. Another
The cubic phase is confirmed to appear reversibly by the DSCsmall peak is often observed at a high temperature above
and POM observations:ig. 3 shows the X-ray diffraction  the Cub—{ transition point (indicated as red arrows on the

Table 2

d spacing £)/26 (°) of the reflections associated with the crystalline and cubic phases of the EPABC samples observed at various conditions
Cry (1atm, 22C) Crz (300 MPa, 202C) Cub (1 atm, 155C) Cub (50 MPa, 172C)
33.5/2.63 33.2/2.66
31.5/2.80
29.9/2.95
24.3/3.63
22.3/3.97
20.7/4.27
5.2/16.9
4.5/19.8
4.4/20.0
3.9/22.9
3.6/24.9 3.8/23.6
3.5/25.4 3.56/25.0

3.2/28.0 3.3/27.2
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P /MPa Transition Peak temperature (TC)
S ; 0<P<ca. 140MPa
- e, a ] Cr; — Cub 151.0 +0.344.(P, MPa)
M ] ca. 140 MPa
s dew b Cry— Cr, 189.3+0.068 (P, MPa)
M Cr,—Cub 138.0 +0.514 (P, MPa)— 5.52%
g ) & x 10~% (P, MPayf
E B r cw A

Whole pressures

100 lzll} ’ ll4|] ]:50 l;iﬁ 2(;0. ’ 2121] 2:;0 Cub— ll 1684+032§ (P’ MPa)—2.0413
T1°C x 10~* (P, MPay
l1— 12 175.0+0.309 (P, MPa)

Fig. 5. DTA heating curves of EPABC at 120, 163, and 205 MPa. Heating
rate: 5°C min~1,

A triple point for the Ci, Crp, and Cub phases can be
seen at about 140 MPa, 198, indicating the lower limit of
pressure for the formation of the £polymorph. It is clear
that the cubic phase is stable in the whole pressure region
up to 300 MPa, although the temperature region decreases
gradually with increasing pressure. From the thermodynamic
data inTable 1and the (dT/dP) obtained by high-pressure
DTA, the volume changes at the phase transitions can
be discussed qualitatively using the Clausius—Clapeyron
equation dT/dR AV/AS=TAV/AH. Since the Cr—Cub and

curves at 53 and 82 MPa), indicating thelp transition for

the dissociation of the dimerized molecule into an isolated
one. Since the baselines of the DTA curves are noisy with
a low S/N ratio, the quantitative analyses of the transitions
were skipped in this studysig. 5 shows the DTA heating
curves of the sample at 120, 163 and 205 MPa. The main
peak of the Cr—Cub transition splits into two peaks at 163 and
205 MPa, indicating the formation of a crystalline polymorph
between the normal crystal (rand the Cub phases under

high pressures. The pressure-induced crystalline polymorphCub_I transitions have both positive values of slope dT/dP

is named here as &rAt the same time, it is interesting to -
. . and enthalpy of transitiom\H, the volume changes are
note that the temperature region of the cubic phase decreases __. . . .
- . assigned to be positive. So, the cubic phase of EPABC is
gradually with increasing pressure. The peak temperatures

of all the transitions of EPABC are plotted as a function of :ntg?;?t?:yirc]alr]:ﬁgllyhztsagsleum?zlFe?g::ur:(:z%g;ﬁ\tlaelgni
pressure up to 300 MP&ig. 6 shows theT versusP phase bic iquid p b ’

. . can be said that the cubic phase of EPABC has a common
diagram of EPABC. The transition curves can be expressed S o .
. : . .. “trend of destabilization with increasing pressure, as already
approximately as either first or second order polynomials in

. seen in ANBC(n) systenf9,11], because the temperature
terms of pressure as follows: . : N .
region for the cubic phase decreases with increasing
pressure.

250 7T T T

3.3. Morphological and structural observations under
pressure

Fig. 7 shows the POM textures of the sample on heating
process at 100 MPa. The crystalline texture is maintained at
high temperatures up to about 18D (Fig. 7a). When the
sample is heated, the crystalline texture changes to the dark
brown field of view for the cubic phase at 183 (Fig. 7b),

T indicating the Ck~ Cub transition at 100 MPa. The morpho-
logical change is corresponded well to the thermal transition
observed with the high-pressure DTA. The dark field of view
(Fig. 7c) for the cubic phase is held at high temperatures
over the Cub-lI transition (Fig. 7d). It is substantiated mor-
phologically that the cubic phase is stable between the crys-
talline phase and isotropic liquid under elevated pressures.
Also the X-ray pattern for the cubic phase was confirmed at
172°C and 50 MPa. The X-ray pattern shows several weak

Fig. 6. Temperature vs. pressure phase diagram of EPABC constructed inSPOtS on a circle with a radius of 22.65 (d=33.2A),
the heating mode. which can be identified as the (211) reflection of the cu-
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Fig. 7. POM photographs of EPABC on heating at 100 MPa: ()a€180°C; (b) Crl— Cub transition at 183C; (c) Cub phase at 18€; and (d) isotropic
liquid at 200°C.
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